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Abstract: This dissertation focuses on the development of iron-based polymerization catalysts for use in 
the production of high commodity polymers, polyethylene and poly(lactic acid). Chapter one 
establishes the current landscape of the plastic market and outlines the advantages to developing iron-
based catalysts. Chapter two then explores the use of bis(pyridinylimino)isoindolate –ligated iron 
complexes as a family of ethylene polymerization catalysts possessing distinctive mechanistic behavior. 
Chapter three moves to focus on the polymerization of stereoregular poly(lactic acid) from an achiral 
bis(imino)pyridine-ligated iron precatalyst. The mechanism for the desymmetrization of the catalyst is 
further detailed, and new avenues for enhancing the behavior of the reaction are discussed. Chapter four 
details the development of conditions for the rapid chain transfer polymerization of lactide and 
cyclohexene oxide, offering another tool by which value and complexity may be added to polymerization 
reactions carried out by this family of bis(imino)pyridine-ligated iron complexes. Finally, chapter five 
leverages the known redox-switchable features of bis(imino)pyridine-ligated iron complexes to develop 
reaction conditions for the controlled branching of poly(lactic acid) in a one-pot polymerization 
reaction.   
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Chapter 1: Addressing Challenges with High Commodity Polymers through the 
Development of Iron-Catalyzed Polymerization Reactions 
 
1.1 Introduction  
Imagine that for every person on earth there was an equivalent mass of plastic. With the current 
global population at 7.5 billion, such a large quantity may be difficult to picture. However, that amount is 
as much plastic as the world currently produces in just one year.1,2  
 From textiles and packaging to construction materials and biomedical supplies, plastics have 
become a mainstay in the modern world.3 This does not mean, however, that the production of these 
materials is a solved problem. The synthesis and processing of plastics is complicated by a number of 
challenges. It is the aim of this thesis to discuss a few of the challenges we believe to have considerable 
importance and detail the research of specific strategies to help address them. Considering how all-
encompassing the term ‘plastic’ may be, for the purposes of this discussion, we will limit ourselves to 
those polymers whose related processed plastics are considered high commodities. 
In 2017, the world produced nearly 350 million metric tons of plastic materials. Of this, 
approximately 75% was made up of just five types of polymers (Figure 1.1).3 Moreover, half of all 
processed plastics made that year were derived from just two types of polymers: polyethylene (PE), 
including low-density, high-density, and linear low-density polyethylene (LDPE, HDPE, and LLDPE, 
respectively), and polypropylene (PP). This family of polymers, often referred to more simply as poly(α-
olefins), has dominated the polymer industry since the mid-1950’s.4 They are popular for their tunable 
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thermal and mechanical properties that make them applicable to a wide range of materials from rigid 
plastics, like those used to make trash cans, to tough, elastic materials, like trash bags.  
 
Despite the utility and versatility of these materials, the synthetic routes to obtaining them have 
some long-standing limitations. The incorporation of polar monomers in the backbone of poly(olefins) 
has been proposed as a means to further tune the thermal and mechanical properties of these materials. 
Yet, most reaction conditions traditionally employed by industry rely on the reactivity of early-transition 
Figure 1.1. Structures of the top 5 most produced polymers in the world in 2017. Quantities 
produced are listed as megatons (Mt). Common applications are highlighted. 
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metals. The oxophilicity of these metals results in polar monomers shutting down the reaction, rather 
than incorporating the polar co-monomers.5–9 This same oxophilic character causes these reactions to be 
highly sensitive to the presence of oxygen and water impurities, common in olefin monomer 
feedstocks.5,9 Alternatives to these early-metal systems have their own limitations, like β-hydride 
elimination and non-living characteristics, leading to uncontrolled behavior and low activity.8,10,11 These 
challenges are the focus of much research both in industry and academia.   
While poly(α-olefins) are major contributors in today’s plastic market, they are often thought of 
as non-biodegradable.12 With ever-growing public awareness of the issues related to the widespread use 
of fossil fuels, as well as the growing amount of plastic waste that ends up in landfills every year, a surge in 
interest in bioplastics has developed. Currently, only 1% of the plastics produced by industry each year 
are considered bioplastics,13 but this number is expected to grow considerably in the coming years. 
Bioplastics can be broken into two categories, bio-based but non-biodegradable plastics and bio-based 
and biodegradable plastics. Looking only at the top five bio-based polymers produced each year (Figure 
1.2), a few familiar materials appear, including PE and poly(ethylene terephthalate) (PET).13  These 
materials are formed from bio-based ethylene, obtained from dehydration of ethanol produced during 
the fermentation of sugar cane.14 Alternatively, focusing on materials that are also bio-degradable, we 
find that starch blends and poly(lactic acid) (PLA) are at the top of the list.13 Starch blends is a broad 
category of plastic, with a wide range of composite materials available. Often, starch makes up less than 
half of the overall material, with other additives like PLA being used in large amounts to tune the thermal 
and mechanical properties of the final product.12 PLA has garnered much popularity but is currently 
limited to applications requiring rigid, plastic materials.12,15 Research in the area of bio-degradable 
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polymers often focuses on issues related to thermal and mechanical properties, processability, and 
controlled polymerization, with the goal of making bio-degradable plastics that can compete with 
mainstay polymers like PE in terms of production costs and tunability of structure and function.16–25 
Figure 1.2. The most produced bio-based and bio-degradable polymers in 2018. 
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 Critical to the ongoing work in the areas of poly(α-olefin)’s and bio-degradable polymers is 
catalyst development. While careful engineering may allow for the controlled synthesis and processing of 
some polymeric materials, like those derived from LDPE,26 other polymers, like HDPE and isotactic PP, 
would not exist in the marketplace without a wealth of research into catalyst design.4 Attention to 
catalyst design has allowed for systems to target  specific molecular weights, architectures, tacticities, and 
functional group incorporation.27  
 In this regard, employing iron-based catalysts represents a promising, yet underdeveloped area 
of research.  Iron catalysts as developed by Brookhart (Figure 1.3, 1.1),28 Gibson (Figure 1.3, 
1.1,1.3),29,30 Hillmyer and Tolman (Figure 1.3, 1.2),31 and our own group (Figure 1.3, 1.4a),25 along 
with countless contributions from many others,32–35 have already demonstrated their potential in the 
areas of ethylene and lactide polymerization reactions to generate HDPE and PLA, respectively. Yet, 
there has been comparatively little exploration into ligand effects in these iron-based systems. The 
literature is dominated by the use of simple iron salts and bis(imino)pyridine (e.g. 1.1 and 1.4a) ligand 
systems and their derivatives.  
Figure 1.3. Structures of some notable iron-based ethylene and lactide polymerization catalysts. 
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Furthermore, iron has distinct advantages compared to commonly employed early and late-
metal complexes.  Iron possess rich redox chemistry, with a variety of known systems proposing 
oxidation states that range from -2 to +6!36 By comparison, the marked oxophilicity of many titanium 
and zirconium-based systems often limits features like functional group tolerance. Iron is also earth 
abundant and non-toxic compared to systems that employ palladium or nickel.37,38 This bears particular 
importance in an industry that produces 350 million tons of material every year and that frequently finds 
use in bio-medical applications and food storage. Furthermore, iron complexes have demonstrated less 
of a proclivity for undesired isomerization events that lead to uncontrolled branching and 
stereochemistry in poly(olefin)s compared to late-metal catalyzed polymerizations.39 
Outlined in this section is the history of iron-based catalysts for the polymerization of two high 
commodity polymers, PE and PLA.  The intent is to highlight the major contributions already made in 
this emerging area of research, while pointing out the remaining challenges, some of which are addressed 
throughout the research efforts presented in the later chapters. 
 
1.2 Iron-catalyzed Ethylene Polymerization  
Generally, the PE market is divided into three categories, LDPE, LLDPE, and HDPE (Figure 
1.4). LDPE, characterized by large, random branching architectures, is synthesized through the use of 
high pressures with a radical initiator present.26 Generally, no catalyst is present to mediate the reaction. 
Instead, reactor vessels are carefully engineering to control the polymerization.26 HDPE, architecturally, 
is the exact opposite of LDPE, with little to no branches formed along the chain.4 Linear, branchless 
polyethylene is achieved through the use of Ziegler-Natta catalysts in the solution phase and Phillips 
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catalysts in gas phase reactors.40 LLDPE, with short branches at regular intervals, may be synthesized 
with the same Ziegler-Natta catalysts used to produce HDPE by introducing short-chain α-olefins like 1-
hexene or 1-octene into the reaction.41 In these systems, branch incorporation is semi-uncontrolled, 
attributed to the heterogeneous nature of the system. Homogeneous metallocene catalysts were found 
to grant these systems control over branch density as well as molecular weight and dispersity, and have 
since become the most common type of catalyst used in industry to produce LLDPE.4,42–47   
 
 Surveying the most commonly employed catalysts, it is easy to see that early-metal complexes 
are potent catalysts for the polymerization of α-olefins. However, attempts to further utilize this 
reactivity are hampered by the oxophilicity of these early-metals. Care must be taken to purify the 
monomer feedstocks as the presence of moisture as low as 5 ppm is enough to deactivate the catalyst.48,49 
The oxophilicity of early-metal catalysts also hinders the incorporation of polar monomers like vinyl 
Figure 1.4. Common features of the most produced architectures of PE in industry. 
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ethers, which may also deactivate the catalyst.6 Polar monomer incorporation is viewed as an exciting 
way to expand upon the range of applications already available to PE, even addressing certain 
limitations, such as their inability to break down in nature, through the incorporation of ester 
functionalities. 
 In an effort to address these limitations, new families of catalysts have been explored. Late-metal 
catalysts were of particular interest, as their reduced oxophilicity results in greater functional group 
tolerance, as well as a greater tolerance of minor feedstock impurities (Figure 1.5).50–52 However, late-
metal catalysts using nickel and palladium had their own challenges to overcome. Most notably, with the 
use of late-metal catalysts, β-hydride elimination reactions hampered control over the resulting polymer. 
Even in systems that displayed reversible β-hydride elimination, a combination of 1,2- and 2,1-
reinsertions led to uncontrolled, branched architectures. Though recent literature has shown significant 
growth in this area,53–55 with some systems even displaying living characteristics for the polymerization of 
polyethylene,56 control over the polymerization is not common, and the incorporation of a range of 
comonomers, including longer α-olefins, is severely limited. 
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 The use of iron complexes was explored as a means to temper the behavior of these late-metal 
systems, while maintaining the advantages associated with functional group tolerance. Although there 
are a few instances of iron-based metallocenes being tested for the polymerization of ethylene in the 
literature,57 the first major advance was made in 1998, when Brookhart58 and Gibson29 independently 
showed that bis(imino)pyridine-ligated iron dichloride complexes (1.1) were extremely active for the 
polymerization of ethylene. Since this discovery, bis(imino)pyridine derived complexes have dominated 
the literature with regards to iron-catalyzed polymerization reactions. The ligand structure offers 
considerable tunability of the complexes’ electronics as well as the steric environment about the face of 
the metal center. The formation of different molecular weights of PE could be achieved based on how 
crowded the face of the metal center was in a particular catalyst.28 Greater steric bulk disfavored side 
reactions like β-hydride elimination, leading to higher molecular weight polymer. In contrast, a lack of 
steric bulk leads to the formation of oligomers. Furthermore, it was found that for these compounds, β-




hydride elimination was reversible, and the systems showed no signs of 2,1-reinsertions, allowing for 
high molecular weight, linear polyethylene to be isolated.29,59 More recent work has shown that greater 
control over the dispersities of the PE produced is possible through the use of chain transfer reagents like 
diethyl zinc.60 
However, these compounds have not yet been shown to accommodate a range of comonomers. 
Despite producing linear, regioregular polypropylene,39 the highest observed reactivity was an order of 
magnitude lower for the polymerization of propylene compared to ethylene.  The polymerization of 
longer α-olefins has yet to be reported. Furthermore, incorporation of polar monomers in excess of 5% 
of the overall polymer has not been observed.61 Despite these current limitations, the early successes 
observed and the limited scope of ligands investigated leaves a lot of potential in the development of new 
families of iron catalysts for use in α-olefin polymerization reactions. 
 
1.3 Iron-Catalyzed Polymerization of Lactide 
 In the case of bio-based and biodegradable polymers, PLA has seen more widespread adoption 
than any other alternative.13 PLA currently finds use in the manufacturing of rigid materials, like 
disposable cutlery, credit cards, and surgical pins.  Despite the popularity of this polymer, however, there 
are a number of limitations preventing the further adoption of PLA in industrial applications. 
 Of primary concern are some of the thermal and physical properties of PLA. Early interest in 
PLA was driven by the fact that, when derived from L-lactide, it had similar thermal and mechanical 
properties to other commodity polymers, like PET, with regards to their glass transition temperature 
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(Tg) and tensile strength (Figure 1.6).15,62–64 However, PLA is notably less flexible. Addressing the 
brittleness of PLA has been an ongoing challenge for research in the community. Another challenge 
concerning PLA regards the incorporation of additives to tune its thermal and mechanical properties. 
This approach is common in the processing of other commodity polymers, and could help to address 
some of the mechanical limitations of PLA, like its brittleness. However, poor miscibility has resulted in 
only a handful of additives being able to blend with PLA during processing, and often in low loadings.15 
The brittleness of PLA as well as its incompatibility with most additives are both a result of the 
crystalline nature of PLLA. PLLA crystallizes rapidly to form a helical packing structure, which hinders 
the ability of the polymer chains to slide passed one another, explaining the observed brittleness. The 
stability of the highly organized crystalline structure also leads to rapid recrystallization of the polymer 
from its molten state, leading to phase separation from most additives.  
Figure 1.6. Comparison of selected properties between PLLA and PET structures. 
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 To address these issues, many researchers have moved away from exploring physical mixtures of 
PLA with different additives, instead exploring the incorporation of functionality with complementary 
thermal and physical properties through the formation of covalent bonds between the two materials. 
Recently, many systems have been reported for the formation of copolymers of lactide with lactones,65–70 
epoxides,24,71–80 and carbonates81–84 to create a range of these specialized materials. Among those, the 
Byers lab has demonstrated that bis(imino)pyridine-ligated iron alkoxide complexes (1.4a) were 
particularly active for the polymerization of lactide.25 Further research has since revealed a system with 
seemingly unprecedented versatility resulting in the formation of a variety of architectures and 
copolymers of PLA displaying tunable thermal properties.72  
 Initially, work by Ashley Biernesser in the group demonstrated that a family of 
bis(imino)pyridine-ligated iron complexes, similar to those developed by Brookhart and Gibson for the 
polymerization of ethylene, could be active for the polymerization of lactide through the use of alkoxide 
intiators.25 These new alkoxide complexes (Figure 1.7, A) displayed living characteristics for the 
polymerization of lactide, leading to controlled molecular weights with narrow dispersities. Iron-based 
lactide polymerization catalysts have been a feature of many studies (Figure 1.8),31,34,85–91 due to the non-
toxic nature of the metal compared to other commonly employed metal catalysts like tin(II) octoate. 
However, these systems often lack at least one of three major characteristics found to be desirable in a 
lactide polymerization catalyst: control, activity, and stability.  
In order to improve the activity of 1.4a, the iron(III) analogue, 1.4b, was synthesized. It was 
hypothesized that this activity was derived from the Lewis acidity of the iron center, and could be further 
enhanced by generating a more oxophilic metal center. However, the resulting cationic iron complex 
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was completely inactive for the polymerization of lactide. Furthermore, upon reduction, the 
polymerization of lactide would proceed again with no observable loss in activity. This redox-switchable 
behavior offered an exciting way to access copolymers of lactide with monomers possessing 
complementary thermal and mechanical properties. Redox-switchable systems in the literature are rare, 
but have shown considerable promise in their ability to regulate reactivity and monomer selectivity. 92–97  
 
 
Figure 1.7. General scheme for the polymerization of lactide and cyclohexene oxide by redox-
switchable catalyst 1.4a and1.4b. 
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 Continued efforts by Biernesser and Kayla Delle Chiaie found epoxides to possess orthogonal 
activity (Figure 1.7, A).80 Monomer feedstocks of propylene oxide and cyclohexene oxide would remain 
entirely unreacted in the presence of the iron(II) species, but when oxidized, would polymerize. When 
lactide and cyclohexene oxide were combined in a one-pot system, it was found that the iron(II) catalyst 
would polymerize lactide, leaving the epoxide completely untouched. Upon oxidation, the conversion of 
lactide would immediately stop, and the conversion of epoxide monomer would begin. If reduced again, 
the epoxide polymerization would be stopped entirely, and the lactide polymerization would begin 
again. Coupled with the potential to access metal complexes with additional oxidation states, the redox-
switchability of the bis(imino)pyridine-ligated iron complexes was a promising approach to access 
sophisticated polymer architectures.  
Figure 1.8. Structures of other known iron complexes competent for the polymerization of lactide. 
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 While a few other polymerization systems in the literature had shown this sort of redox 
switchable behavior for the copolymerization of lactide,92–97 the level of control and chemoselectivity 
observed employing 1.4a was generally higher. These desirable features have been attributed to the 
catalyst’s ability to tune the reactivity of the nucleophilic alkoxide as well as the electrophilic monomer. 
Both polymerization reactions shown in Figure 1.7A are believed to proceed via a coordination-insertion 
mechanism for initiation and propagation, requiring that both the alkoxide and monomer are bound to 
the iron at the same time. When 1.4a is in the 2+ oxidation state, it is less Lewis acidic. This leads to a 
more reactive nucleophile, but a less activated electrophile. Conversely, in the 3+ oxidation state, 
enhanced Lewis acidity leads to a stronger bond to the alkoxide and the monomer, leading to a less 
reactive nucleophile and a more activated electrophile. Given the observed reactivity, it has been 
hypothesized that the ring opening polymerization of lactide benefits more from the presence of a 
stronger nucleophile present in the 2+ oxidation state, while the ring opening polymerization of 
epoxides benefits more from enhanced electrophilic activation expected from the 3+ oxidation state. 
 Seeking to leverage the versatility of these redox-switchable iron-based polymerization catalysts, 
a number of methods were explored to expand upon the narrow window of thermorheological 
properties observed for PLA. Initially, di-block copolymers were synthesized between lactide and 
cyclohexene oxide (Figure 1.7, B). Complex kinetics associated with epoxide polymerization have 
hindered access to ter-block copolymers and beyond, though work in this area is ongoing. Later, through 
the synthesis of a designer dual-functional monomer, which combined the lactide and epoxide 
functionalities, cross-linked PLA was generated (Figure 1.7, C).72 Altering the architecture of PLA to 
form cross-linked materials was observed to have a marked effect on the thermal properties of the 
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polymers. As the amount of cross-linking agent was increased, the Tg of the resulting PLA was found to 
increase by as much as ~30 oC.  
In parallel with these studies, Cesar Manna and later Aman Kaur explored the use of other types 
of initiators, resulting in the use of silanol initiators to generate stereoregular PLA (Figure 1.9).98 As a 
result of this work, lactide polymerizations catalyzed by bis(imino)pyridine-ligated iron complexes 
could generate atactic, isotactic, syndiotactic, and heterotactic PLA simply by combining the right 
monomer (e.g. L, rac-, or meso-lactide) with the a precatalyst like 1.4a or 1.4c.  
 
Mechanistic investigations by Aman Kaur suggested that the achiral precatalyst is forced to 
desymmetrize as a result of the steric bulk of the siloxides. Upon initiation of lactide polymerization, the 
complex is forced to adopt C1 symmetry, generating a stereogenic center at iron (Figure 1.10). Decades 
of research into the effects of stereoregularity on the properties of other polymers, most notably 
Figure 1.9. Schemes for the synthesis of stereoregular PLA from precatalyst 1.4c. 
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polypropylene, have shown control over tacticity to be a powerful method for tuning the thermal and 
mechanical properties of a material.99  
 
1.4. Conclusions and Outlook 
 Plastic materials are an integral part of society, with more than a century of research and 
development behind them. Yet, many challenges remain in the synthesis and processing of these high 
commodity materials. Innovative methods are always being explored to expand upon the vast range of 
structures and physical properties available to poly(α-olefins), while also increasing the efficiency of the 
process and reducing the cost of the materials produced. The market has also seen explosive growth in 
the area of bio-based and bio-degradable polymers, PLA chief among them. Growing efforts are aimed at 
developing systems capable of turning brittle PLA into a flexible material, and more generally creating a 
means to tune the thermal and mechanical properties of these materials. 
 The last twenty years of research in this field has demonstrated the potential of iron-based 
catalysts to help address the current limitations facing high commodity non-biodegradable materials, 
derived from poly(α-olefin), as well biodegradable materials, like PLA. The work presented herein has 
focused on these particular areas of interest. In the ensuing chapters, the development of an ethylene 
Figure 1.10. Scheme for the generation of a stereogenic center at iron from achiral preacatalyst 1.4c. 
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polymerization system featuring a previously unexplored family of iron complexes that may help to 
address current limitations regarding comonomer incorporation is explored. Separately, continued 
research into the use of bis(imino)pyridine-ligated iron alkoxides for the ring-opening polymerization of 
lactide, among other monomers, has led to new developments, allowing for decreased catalyst loadings 
and enhanced kinetic behavior without loss of Mn control.  Further research into this system has focused 
on exploring the effects of altering reaction conditions on the formation of stereoregular PLA. Lastly, 
through the use of a bifunctional initiator, a system was developed for the formation of branched PLA, 
with redox-based control over the branching density as well as the macromolecular scaffolding of the 
resulting polymer as a means to tune the thermal and mechanical properties of the isolated materials. 
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Chapter 2: Alkylated Bis(pyridylimino)isoindolate Iron-Based Catalysts for the 
Production of Linear, High Molecular Weight Polyethylene, an Alternative to 
Bis(imino)pyridine Iron Complexes 
 
2.1 Introduction 
Among the most industrially important synthetic polymers are polyethylene and polypropylene, 
which contribute to more than half of all polymers produced annually.1 Many industrial syntheses of 
these poly(olefins) commonly involve the use of heterogeneous Ziegler-Natta catalysts,2,3 but 
homogeneous metal complexes4,5 have been developed that are capable of polymerizing a range of α-
olefins with high activity,6–10 stereocontrol,11–13 and most recently molecular weight control.14–19 Despite 
these advances, new catalyst designs are needed to overcome key challenges that remain in the field, 20–26 
which include the production of ultra-high molecular weight polymer at high temperatures (>100oC) 
necessary for gas-phase polymerizations, better incorporation of a range of α-olefins, and the 
incorporation of polar monomers, such as acrylates.  
 
Figure 2.1. Iron-based ethylene polymerization pre-catalysts. 
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Bis(imino)pyridine iron(II) complexes are attractive catalysts (e.g., 2.1, Figure 2.1) that 
produce linear polyethylene when exposed to oligomeric methyl aluminoxane (MAO).27–30 In these 
systems, polymer molecular weight is dictated by the steric environment created by the aryl imine 
substituents of the ligand, extending perpendicular to the plane of the ligand. Here larger substituents 
crowd the face of the metal center, suppressing undesired side reactions, and leading to high molecular 
weight polymer, while smaller substituents lead to ethylene oligomerization.27–29 These complexes 
feature initial rates that are nearly as active as early transition metal metallocene catalysts and retain 
activity in the presence of polar impurities.31 Despite the many potential advantages in the use of iron-
based catalysts observed here, work towards developing other varieties of iron-based ethylene 
polymerization catalysts is exceedingly rare in the literature.   
Herein, we report an alternative iron-based catalyst system supported by methylated 
bis(pyridiylimino)isoindolate ligands (bRpiMe) (e.g. 2.2, Figure 2.1), as designed and supplied by 
collaborators from the Szymczak group at University of Michigan. This family of catalysts is capable of 
producing linear, high molecular weight polyethylene.  Based on catalyst reactivity and computational 
investigations, these catalysts appear to mitigate chain termination events to produce high molecular 
weight polymer by a different mechanism compared to the bis(imino)pyridine complexes. This allows 







2.2 Probing Ethylene Polymerization Reactivity 
Metal complexes bearing the 1,3-(6'-methyl-2'-pyridylimino)isoindolate) ligand (bMepi) have 
been shown to undergo alkylation to convert the ligand from a monoanionic (i.e. L2X) coordination 
environment (e.g. 2.3) to a neutral (i.e. L3) coordination environment (e.g. 2.2a); this latter 
coordination environment is analogous to the bis(imino)pyridine iron complexes used for ethylene 
polymerization.32,33 Unlike bis(imino)pyridine ligands, however, the bis(pyridiylimino)isoindolate 
ligand does not contain steric bulk that extends perpendicular to the coordination plane of the ancillary 
ligand. Instead, ortho-substituents on the pyridyl rings are directed toward the open coordination site of 
the iron center, trans to the isoindolate nitrogen. The orthogonal steric environment, as compared with 
bis(imino)pyridine iron complexes,27–29 provides distinct opportunities to regulate substrate binding 
that could lead to different behavior in olefin polymerizations.  
We reasoned that an alkylation reaction may take place between Fe(bMepi)Br (2.3, Figure 2.1) 
and activators commonly used for the polymerization of olefins.34–36 Thus, the polymerization of 
ethylene was initially explored through the in situ alkylation of 2.3 with MAO.37 When iron complex 2.3 
was exposed to ethylene in the presence of 500 equivalents of MAO, linear polyethylene was produced. 
However, the activity of the catalyst was low and the molecular weight distribution observed by gel 
permeation chromatography (GPC) was notably broad and bimodal, suggesting the presence of 
multiple catalytically active species (entry 1, Table 2.1). Stoichiometric experiments carried out between 
2.3 and Me3Al confirmed that competitive alkylation occurred at the metal and the ligand. Competitive 
alkylation of the ligand has also been observed for bis(imino)pyridine ligated iron complexes.38 
Exhaustive exposure of the 2.3 to Me3Al led to decomposition of the complex. 
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To provide a route to a well-defined alkylated precatalyst, the discrete complex 
Fe(bMepiMe)(OTf)2 2.2a, (prepared by treating 2.3 with MeOTf)32 was subsequently used for the 
polymerization reactions. When exposed to 250 equivalents of MAO as an activator, 2.2a was found to 
be active for the production of polyethylene (entry 2, Table 2.1). Analysis of the polymer molecular 
weight by GPC revealed a polymer of moderate molecular weight (24.8 kDa), albeit with broad 
dispersities.39 Further analysis of the polymer by 1H NMR spectroscopy revealed polyethylene that was 
highly linear without any evidence for branching. The only other resonances observable in the 1H NMR 
spectrum were alkane and alkene resonances that could be assigned to polymer end groups (Figure 2.2). 
Samples of polyethylene produced under later optimized conditions (infra vide) were also subjected to 
differential scanning calorimetry (DSC), showing Tm ranging from 125 – 135 ºC, consistent with the 





Figure 2.2. 13C NMR (127 MHz) of ethylene obtained from the polymerization of ethylene by 2.2a 




Ethylene polymerization catalyzed by 2.2a/MAO was optimized by varying the aluminum to 
iron ratio (entries 2-5, Table 2.1). The highest activity was observed using a 500:1 mixture of aluminum 
to iron (entry 3, Table 2.1), with lower activity being observed at lower and higher ratios (entries 2 and 
4-5, Table 2.1). 1H NMR analysis revealed an increase in alkane end groups at higher aluminum to iron 
ratios, which is consistent with chain transfer to aluminum as a major terminating event.24 
Polymerization reactions carried out at Al:Fe = 2500 (entry 5) afforded broader dispersities than at 
lower aluminum to iron ratios, consistent with catalyst decomposition at high aluminum concentrations. 
Table 2.1. Polymerization of ethylene using MAOa  
entry Cat. Al:Fe activityb Mnc Mw/Mnc Alkane : Alkened 
1 2.3 500 4 15.5 23.4e 2.1 
2 2.2a 250 25 24.8 13.9 2.6 
3 2.2a 500 64 29.3 10.4 10.6 
4 2.2a 1250 49 31.7 10.2 12.3 
5 2.2a 2500 48 11.7 36.4 11.9 
6 2.2b 500 1.4 21.0 8.1 8.3 
7f 2.1 1000 167 43.8 28.6 11.7 
a1.40 µmol catalyst in 25 mL toluene, 10 bar ethylene for 1 h at rt. bgPE*mmolcat-1*hr-1*bar-1. ckDa from 
GPC relative to polystyrene standards. dratio of alkane to alkene terminal end groups in 1H NMR. 
ebimodal molecular weight distribution observed, Mn and Mw/Mn is reported for the higher molecular 
weight fraction. f 0.7 µmol of 2.1 used, and Al:Fe ratio as previously optimized.27 
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The optimal aluminum to iron ratio of 500:1 likely facilitates efficient initiation of the polymerization 
reaction, while minimizing catalyst decomposition. The broad dispersities (Mw/Mn >> 2.0) that were 
observed throughout the screening of 2.2a were not seen as a discouraging result, as this is a relatively 
common observation in many studies of 2.1. Further attempts to optimize the reaction by changing the 
solvent, adding alkyl aluminum scavengers, or changing the temperature did not lead to improvement in 
catalyst turnover. As has been observed with 2.1/MAO,29 molecular weight increased at higher pressures 
of ethylene with 2.2a/MAO.  
The effect that ligand modifications had on catalytic performance was investigated with 2.2b, a 
complex containing ortho- ethyl, rather than ortho- methyl groups. When this complex was exposed to 
the reaction conditions, lower activity and molecular weights were observed (entry 6, Table 2.1). 
Unfortunately, attempts to further probe the steric influence of the ortho substituents were thwarted by 
synthetic challenges: attempts to synthesize a complex without ortho substituents led to the formation 
of an oxo-bridged dimer that was inactive towards polymerization, and the synthesis of ligands with 
ortho substituents larger than ethyl (e.g. isopropyl) could not be ligated to iron, presumably due to the 
steric constraints of the ligand and the small ionic radius of iron leading to poor orbital overlap with the 
nitrogens of the distorted pyridine arms.  
In order to benchmark the activity of the new catalyst system, reactions catalyzed by 2.2a/MAO 
were compared to those catalyzed by bis(imino)pyridine complex 2.1/MAO under similar reaction 
conditions.40 2.2a was 1/3 as active as complex 2.1 after 1 h under reaction conditions optimal for each 
catalyst (c.f. entry 7 to entry 3); analysis of the polymer end groups by 1H NMR spectroscopy revealed a 
majority of alkane terminating end groups for both of the catalysts. This observation is consistent with 
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chain termination for both catalysts that occurs predominately by chain transfer to aluminum, rather 
than from β-hydride elimination or β-hydride transfer to monomer (Figure 2.3).41–44  
 
2.3 Exploring Methods for Better Controlled Ethylene Polymerization 
As noted previously, broad molecular weight distributions were consistently observed for the 
polymerization reactions catalyzed by 2.2a/MAO, which may suggest the presence of multiple 
catalytically active sites. To reduce molecular weight distributions, ethylene polymerizations reactions 
were carried out using modified MAO (MMAO), where a portion of the methyl groups have been 
Figure 2.3. 13C NMR (150 MHz) of polyethylene obtained from the polymerization of ethylene by 
2.2a (1.40 μmol), Al:Fe 500:1, 10 bar, 25 ºC. 
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replaced by isobutyl groups.  This type of co-catalyst has been shown to  increase catalyst stability and 
activity, and also provided narrower dispersities for 2.1.45  
In the course of this investigation, there was an opportunity for rapid screening of a wide array of 
reaction conditions through interested parties in the polymer research division at Exxon Mobil 
Corporation. The results of those screenings showed some interesting trends, and helped to build a 
better understanding of the behaviour of 2.2a as an olefin polymerization catalyst. Our observations and 
analysis are described below.   
In a screening of catalyst activity vs. pressure (Figure 2.4), it was found that activity stopped 
improving around 145 psig, attributed to the solubility of ethylene in isobutane. Regardless of the 
pressure the polymerization was performed under, increasing the equivalents of MMAO-3A led to 
increased catalyst activity without significant broadening of the polymer dispersity.  
Figure 2.4. Exploring the effects of activity v. pressure for the polymerization of polyethylene by 




Exploring the effect that increased Al:Fe ratios had on the molecular weight of the resulting 
polymer found that, despite increasing the activity of the system, higher MMAO-3A content led to a 
decrease in the observed molecular weight (Figure 2.5). This was attributed to the aluminium’s ability to 
undergo ligand exchange with the iron catalyst, resulting in chain transfer of the growing polymer chain 
to aluminum and initiating a new growing chain on iron. Generally, a boost in molecular weight was 
observed at lower temperatures, even at higher Al:Fe ratios, likely a result of the increased solubility of 
ethylene gas. 
 
When exploring the effect of Al:Fe ratios on the dispersity of the isolated polyethylene (Figure 
2.6), it was found that higher MMAO-3A loadings led to more narrow polymer distributions, again in 
Figure 2.5. Exploring the effects of the loading of MMAO-3A on the observed Mn of the 
polyethylene produced by 2.2a at 25 oC and 50 oC. 
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line with the ability of MMAO-3A to serve as a chain transfer agent. At optimized conditions, Al:Fe 500, 
75psig, and 50oC, polyethylene with a dispersity in the range of living polymerizations was observed. 
 
Despite the catalytic performance of 2.2a observed at the Exxon labs, none of the conditions 
tested led to the incorporation of significant amounts of 1-octene into the polymer chain to generate 
LLDPE. 
In our hands, 2.2a exhibited no significant increase in activity after one hour when activated by 
MMAO-3A (entry 1, Table 2.2). However, GPC analysis of the isolated polymer revealed two distinct 
molecular weight distributions rather than the broad and continuous molecular weight distributions 
observed with 2.2a/MAO (Figure 2.7). The two molecular weight regimes are separated by more than 
100 kDa with dispersities of 1.9 and 3.5 for the low and high molecular weight fractions, respectively. 
Given the reduced solubility of polyethylene at high molecular weights, we attribute the slightly broad 
Figure 2.6. Exploring the effects of the loading of MMAO-3A on the observed Mw/Mn of the 
polyethylene produced by 2.2a at 75 psig and 145 psig and at 25 oC and 50 oC. 
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distributions observed for the high molecular weight fraction to mass transport limitations as opposed to 
the presence of multiple catalytically active sites.  
 
Therefore, we interpret the overall behavior of the catalyst as being a result of two catalytically 
active species: one that produces low molecular weight polymer and the other that produces high 
molecular weight polymer, though it remains unclear if these two species are generated separately or if 
one catalytically active species, generated at the outset of the polymerization, is converted into another 
species over time capable of producing high molecular weight polyethylene.  
Table 2.2.  Ethylene polymerization using 2.2a/MMAO-3Aa 
entry time activityb % low MW low MW fraction high MW fraction 
Mnc Mw/Mnd Mnc Mw/Mnd 
1 1 h 39 56 5.0 1.9 182 3.5 
2e 1 h 76 63 2.6 1.4 76.9 20 
3f 1 h 33 81 8.4 2.8 383 3.9 
4g 1 h 94 57 3.4 1.9 139 3.7 
5 10 m 11 86 6.0 2.5 N/A N/A 
6 2 h 39 43 4.8 2.0 171 3.5 
7 9 h 45 39 2.7 2.5 147 5.4 
8 24 h 11 34 6.1 2.1 214 5.3 
9h 10 m 453 69i 4.1 2.6 95.7 4.2 
10h 1 h 108 66 4.7 2.7 210 3.4 
a 1.40 µmol 2.2a in 50 mL toluene, 10 bar ethylene, Al:Fe 500:1 at room temperature. bgPE*mmolcat-
1*hr-1*bar-1 ckDa dGPC relative to polystyrene standards. e run at 50 ºC. f run at 0 ºC. g run at 6 bar 
ethylene. h 0.7 μmol of 2.2a used. ihigh MW material appears as a shoulder. 
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Several conditions were evaluated to assess whether the system could be tuned to exclusively 
produce either the high or low molecular weight polymer. An increase in reaction temperature from 25 
oC to 50 oC resulted in a small increase of the low molecular weight fraction, from 56% to 63% (entries 1 
and 2, Table 2.2). A decrease in the reaction temperature to 0 ºC resulted in a larger increase of the low 
molecular weight fraction to 81% (entry 3, Table 2.2). Lowering the ethylene pressure from 10 bar to 6 
bar increased the activity of 2.2a, but did not change the distribution of the two molecular weight 
fractions (entry 4, Table 2.2). 
We next investigated reaction time, which had a significant effect on the relative population of 
the bimodal molecular weight distributions (Figure 2.7). Reducing the reaction time from one hour to 
ten minutes led to mostly low molecular weight polymer (86%, entry 5, Table 2.2). In contrast, for 
reactions carried out for two hours, a higher fraction (57%) of the high molecular weight fraction was 
obtained (entry 6, Table 2.2), which increased further to 60% for reactions carried out for nine hours 
(entry 7, Table 2.2). Unfortunately, extending the reaction time to 24 hours did not significantly bias the 
molecular weight distributions further and led to broader molecular weight distributions for the high 




Finally, when the concentration of 2.2a was reduced in half, the relative molecular weight 
distributions remained unaltered but a significant increase in activity was observed (entry 9-10, Table 
2.2). This observation is consistent with a bimolecular catalyst decomposition pathway. Importantly, the 
significant difference in molecular weight of the two fractions obtained in these reactions was amenable 
to separation by solvent fractionation in refluxing xylenes, which provided a practical way to isolate the 
high molecular weight portion of the polymer (Figure 2.8). 
 
Figure 2.7. Molecular weight profiles for ethylene polymerization catalyzed by 2.2a-MMAO at different 


































The bimodal molecular weight distributions observed for 2.2a/MMAO was reminiscent of 
behavior observed for 2.1/MMAO, which also displayed bimodal molecular weight distributions. 
Gibson and coworkers demonstrated that the two populations could be explained by facile but 
irreversible chain transfer of polymer chains from the iron complex to aluminum (Figure 2.9, A).46,47 By 
carrying out the reaction with 2.1/MMAO in the presence of diethyl zinc, facile and reversible chain 
transfer occurred, which led to a single population of narrowly disperse, low molecular weight polymer 
(Figure 2.9, B). This coordinative chain transfer polymerization is an uncommon example of an 
ethylene polymerization reaction with living characteristics.46 Considering the paucity of such systems, 
we carried out the polymerization in the presence of diethyl zinc. Unfortunately, in the presence of 
diethyl zinc, the polymerization of ethylene by 2.2a is shut down, providing no further insight into the 
mechanism that leads to the two molecular weight distributions. 
Figure 2.8. GPC analysis of the bimodal polyethylene resin obtained at 9 h (black, dashed line), and the 




Decomposition of a portion of the catalyst resulting in dissociation of the ligand was also 
considered as a possible reason for the observed bimodal behavior. However, when anhydrous iron 
dichloride is exposed to our reaction conditions over the course of an hour, only trace amounts of 
polyethylene are obtained (activity < 0.5 gPE*mmolcat-1*hr-1*bar-1).  
 
2.4 Computational Investigation of Mechanism for High Molecular Weight PE  
Although 2.1 and 2.2 produce high molecular weight polyethylene, experimental data suggest 
that the two systems produce high molecular weight polymer by different mechanisms. Molecular 
weight for reactions catalyzed by 2.1 are controlled by the steric profile of the bis(imino)pyridine 
Figure 2.9. (A.) Irreversible chain transfer of the growing polymer from 2.1 to the aluminum  of MAO. (B.) 
Reversible chain transfer of the growing polymer chain from 2.1 to ZnEt2, leading to better controlled 
polymer distributions.  
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ligand.28,48 When aryl imines with less bulky substitutions are utilized, ethylene oligomerization 
predominates due to an increased propensity for chain transfer events.24,29 In contrast, 2.2a does not 
contain steric hindrance above and below the coordination plane of the ligand, yet polyethylene was 
obtained when activated with MAO or MMAO-3A.31 Moreover, when more sterically encumbered 2.2b 
was used as the catalyst, lower molecular weight polymer was obtained (29.3 kDa vs. 21.0 kDa for 2.2a 
and 2.2b, respectively). The structural differences between 2.2 and 2.1 and the orthogonal response to 
molecular weight with increasing steric encumbrance of the catalysts led us to hypothesize that the two 
catalysts produce polyethylene by different mechanisms.  
 
Computational investigations carried out for 2.2a provided some insight into the mechanistic 
differences between 2.2a and 2.1. Most notably, the two complexes undergo β-hydride elimination by 
Figure 2.10.  Comparison of ∆G and ∆G‡ for β-hydride elimination from iron complexes 
containing: (A) a κ3-bis(imino)pyridine, (B) a κ3-alkylated bis(pyridylimino)isoindolate, and (C) a 
κ2-alkylated bis(pyridylimino)isoindolate ligands. The lowest energy surfaces are shown where S = 0, 
S = 1, and S = 2 spin states are depicted in red, teal, and purple, respectively. 
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distinct pathways. Ground state geometries for the cationic, alkyl iron(II) species [L3Fe(Et)]+,49 the 
presumed resting state of the catalyst,50 and the hydrido-ethylene complex [L3Fe(H)(C2H4)]+ that 
results from β-hydride elimination were optimized for 2.1 and 2.2a using density functional theory 
(DFT) calculations (B3LYP/LANL2DZ) (Figure 2.10, A and 2.10. B, respectively). All three possible 
spin states were evaluated for the iron(II) species that results from aluminoxane activation of 2.2a: a S = 
2 high spin state, a S = 1 intermediate spin state, and a S = 0 low spin state. In contrast to a more 
favorable low spin configuration for bis(imino)pyridine complexes (Figure 2.10, A), 44 the lowest energy 
species on the reaction coordinate for bMepiMe complexes were the high spin iron(II) complexes 
(Figure 2.10). The difference in spin state between the complexes likely stem from the distinct ligand 
field strengths imparted on the iron center by the two supporting ligands. 
The calculations revealed that β-hydride elimination is much more endothermic for the bMepiMe 
complexes (ΔG = 23.5 kcal/mol) compared to the bis(imino)pyridine complexes (ΔG = 9.8 kcal/mol) 
(Figure 2.10), which is likely due to the long Fe–C distances observed in [Fe(bMepiMe)(H)(C2H4)]+ 
(4.158 Å and 4.885 Å). These distances suggest a very weak interaction between ethylene and iron, a 
likely consequence of unfavorable steric interactions between the methyl substituents on the pyridine 
arms of the bis(pyridylimino)isoindolate ligand and the ethylene ligand. 
In addition to the thermodynamic differences, activation energies for β-hydride elimination 
were calculated to be extremely high for iron bis(pyridylimino)isoindolate complexes (ΔG‡ = 46.0 
kcal/mol) compared to the bis(imino)pyridine complexes (ΔG‡ =13.6 kcal/mol). A comparison of the 
transition state geometries to the corresponding ground state geometries in [Fe(bMepiMe)(Et)]+ and 
[Fe(bMepiMe)(H)(C2H4)]+ (see Appendix D for xyz coordinates) revealed that the large barriers toward 
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β-hydride elimination are related to the orientation of the ortho-methyl substituents. In 
[Fe(bMepiMe)(Et)]+ these methyl groups are in close proximity to one another so that the ligand 
distorts to adopt a C2-symmetric configuration. This steric interaction blocks the metal coordination site 
that is trans to the isoindolate group, which results in the growing polymer chain to be oriented away 
from the open coordination site. In order for the ethyl ligand to adopt the proper geometry for β-hydride 
elimination, the ancillary ligand must twist to form a Cs-symmetric configuration. While this 
conformational change results in an open coordination site for β-hydride elimination, the two ortho-
methyl groups are forced into close proximity to one another (C–C = 3.44 Å). This close encounter 
results in significant strain in the ligand as is evident from the ligand distorting from planarity in the 
transition state. As a consequence, transition state energies for β-hydride elimination from alkylated 
bis(pyridylimino)isoindolate complexes are high.  
The computational results suggest that the steric crowding of the bMepiMe ligand prevents the 
catalyst from adopting the proper orientation for β-hydride elimination, which may consequently lead to 
high molecular weight polymer.  An alternative pathway for β-hydride elimination was considered in 
which the bMepiMe ligand dissociates one of the pyridine arms.51 This change in coordination mode 
would lead to a cationic, three coordinate iron intermediate52 that alleviates the steric crowding imposed 
at the iron center and provides the open coordination site needed for β-hydride elimination. 
Calculations revealed that a three-coordinate iron complex with a dissociated pyridine arm results in a 
lower kinetic barrier for β-H elimination by more than 10 kcal/mol (∆G‡ = 33.2 kcal/mol). Moreover, 
the olefin-hydride complex that results from β-hydride elimination is relatively more favourable, 
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thermodynamically, when the bMepiMe ligand adopts a bidentate rather than tridentate coordination 
geometry (c.f. ∆G in Figure 2.10 of pathway C vs. B).  
The accessibility of a bidentate (κ2) coordination mode of the alkylated bis(pyridyl)isoindolate 
ligand with Fe(II) was assessed by preparing Fe(bMepiMe)Br2 (2.4) (Figure 2.11). 2.4 was prepared by 
hydrolysis of the ligand of 2.2a, followed by metalation of the free ligand with FeBr2.  The solid-state 
structure obtained by the Szymczak group revealed a four-coordinate pseudo-tetrahedral geometry at 
iron. Compared to the Fe(1)–N(5) bond lengths of 2.2a (2.181 Å) where the bis(pyridyl)isoindolate 
ligand is tridentate (κ3), the Fe(1)–N(5) bond length in 2.4 is shortened to 2.094 Å. Regardless of the 
identity of the MAO activator chosen, when 4 is exposed to the reactions conditions optimized for 2.2a 
it was inactive for ethylene polymerization. While this observation is not necessarily associated with the 
coordination mode of the alkylated bis(pyridyl)isoindolate ligand, it is consistent with the mechanistic 
hypothesis that κ2 binding of the ligand may lead to undesirable termination events.  
 
Figure 2.11. X-ray crystal structure of iron complex 2.4. Selected bond distances (Å) and angles 
(deg): Fe(1)–N(5) 2.094; Fe(1)–N(3) 2.062; Fe(1)–Br(1) 2.447; Fe(1)–Br(2) 2.423; Br(1)–
Fe(1)–Br(2) 124.87.  
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A hemi-labile ligand dissociation process would likely be operative for termination as well as for 
propagation. However, the low reactivity of 2.2b suggests that polymer propagation occurs from a 
different pathway than does polymer termination. Since 2.2b possesses a more sterically demanding 
pyridine arm, dissociation is expected to be more facile than with 2.2a. If propagation and termination 
occur as a result of the pyridine arm dissociating, then the change in structure from 2.2a to 2.2b would 
minimally impact molecular weight because propagation and termination would occur from 
intermediates that are sterically very similar to one another. However, this outcome was not observed. 
Instead, lower molecular weight polymer was observed with 2.2b. This, and the results with 2.4 suggests 
that provoking pyridine arm dissociation is detrimental to polymer propagation.   
Despite a steric environment that is significantly different than the bis(imino)pyridine ligands, 
both 2.1 and 2.2a catalyze the polymerization of ethylene to produce linear, high molecular weight 
polyethylene. We hypothesize that 2.2a operates differently than iron complexes supported by 
bis(imino)pyridine ligands (Figure 2.12). The bis(imino)pyridine iron complexes access high molecular 
weight, linear polymer by mitigating undesirable chain transfer reactions that result from associative 
exchange of olefinic polymer chain ends with ethylene. In contrast, we hypothesize that the bMepiMe 
complexes regulate polymer molecular weight by blocking coordination sites that would be otherwise 
available for β-hydride elimination. Access to these coordination sites is regulated by the ortho- 
substituents on the pyridine arms of the ligands. These substituents serve as gatekeepers for the complex 
to prevent β-hydride elimination and chain transfer to aluminum. Although details about the mechanism 
for polymer propagation are still unclear, we propose that ethylene displaces one of the pyridine arms of 
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the ligand, there-by allowing the alkene to serve as the keymaster to access the coordination site needed 
for polymer propagation. At this time, the mechanism behind propagation remains unclear.  
 
2.5 Conclusions 
Iron complexes that incorporate bMepiMe ligands are introduced as a new class of catalysts for 
the polymerization of ethylene when activated with aluminoxane activators (i.e., MAO or MMAO-3A). 
Despite a steric environment that is significantly different than the bis(imino)pyridine ligands, these 
complexes catalyze ethylene polymerization to produce linear, high molecular weight polymer. From 
this observation, we hypothesize that 2.2a operates differently than iron complexes supported by 
bis(imino)pyridine ligands. The bRpiMe complexes appear to regulate polymer molecular weight via the 
Figure 2.12. Proposed mechanism for ethylene polymerization catalyzed by 2.2a/MMAO-3A. 
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ortho- substituents on the pyridine arms of the ligands, blocking coordination sites that would be 
otherwise available for β-hydride elimination. While we have some evidence to suggest that ligand 
hemilability could play a significant role in tuning propagation and termination pathways, the precise 
mechanism remains unclear. 
However, the complementary ways in which polymer molecular weight is affected by the steric 
environment point to mechanistic differences between the bis(imino)pyridine and the alkylated 
bis(pyridiylimino)isoindolate complexes. For bis(imino)pyridine complexes, a higher molecular weight 
polymer is obtained as the steric encumbrance about the metal center is increased. However, for 
alkylated bis(pyridiylimino)isoindolate complexes the opposite is true, and a higher molecular weight 
polymer is observed as the steric encumbrance about the metal center is decreased. These findings 
ultimately provide alternative design strategies that may be used to regulate alkene polymerization by 
iron-based catalysts, which presents new opportunities for the development of more robust catalysts 
capable of polymerizing a wider range of α-olefin or polar monomers in the future, though little to no 
incorporation of comonomers was observed in the course of this investigation. 
 
2.6 Experimental 
General Considerations. Unless stated otherwise, all reactions were carried out in oven-dried glassware 
in a nitrogen-filled glove box or using standard Schlenk line techniques.53 MAO (10% by wt. in toluene) 
was obtained from Albemarle and used without further purification or precipitation of the solid 
activator. HPLC grade 1,2,4-trichlorobenzene was purchased from J.T. Baker of Avantor Performance 
Materials. Ethylene (99.9% purity) was purchased from AirGas and used without further purification. 
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1,1’,2,2’-tetrachloroethane-ds (D, 99.6%) was purchased from Cambridge Isotope Laboratories, Inc. 
The following reagents were purchased from commercial vendors and used without further purification: 
2-amino-6-ethylpyridine (Combi-Blocks, Inc), 1,2-dicyanobenzene (Alfa Aesar), CaCl2 (Sigma-
Aldrich), potassium bis(trimethylsilyl)-amide (Sigma-Aldrich), MeOTf (Sigma-Aldrich), and FeBr2 
(Acros Organics). 2.1,27 HbMepi,54  KbMepi,54 2.332 and 2.2a32 were prepared according to previous 
literature procedures by the Szymczak group and shipped under N2 to the Byers Group at Boston 
College. The complexes were stored in a glovebox under N2 at -40 oC. Degassed, anhydrous solvents 
were obtained using a Glass Contour, SG Waters USA solvent purification system or were distilled over 
CaH2, degassed, and stored over 3 Å molecular sieves for at least 24 h in the glovebox prior to use. The 3 
Å molecular sieves were dried at 250 ºC under dynamic vacuum for 24 h. 
 Nuclear Magnetic Resonance (NMR) spectra were recorded on Varian Inova 500, Varian 
MR400, Varian vnmrs 500, and Varian vnmrs 700 spectrometers at ambient temperature, unless 
otherwise stated. 1H and 13C chemical shifts for the products are reported in parts per million (ppm) 
relative to TMS with the residual solvent peak used as an internal reference. 1H multiplicities are 
reported as follows: singlet (s), doublet (d), triplet (t), quartet (q), and multiplet (m). For paramagnetic 
compounds, the peak width at half height is included for each peak in Hz. For analysis of the resulting 
polymers, NMR spectra were recorded at 110 ºC on Varian spectrometers operating at 600 MHz for 1H 
NMR and 150 or 127 MHz for 13C NMR as specified below. Gel permeation chromatography (GPC) 
was performed on an Agilent GPC220 in 1,2,4-trichlorobenzene at 140 ºC with three PL gel columns 
(10 µm) in series flowing at 1 mL/min. Molecular weights and molecular weight distributions were 
determined from the signal response of the RI detector relative to polystyrene standard using M/H K= 
12.100*10-5 dL/g and α= 0.707. Molecular weights were also determined with a light scattering detector 
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for selected samples. All differential scanning calorimetry (DSC) measurements were performed on a 
Netzsch DSC 214 - Polyma for three heating cycles from 50 ºC to 200 ºC at a ramp of 5 ºC/min. 
Elemental analysis was performed by Atlantic Microlab, Inc. 
Synthesis of Bis(2-ethyl-6-iminopyridyl)isoindoline (HbEtpi). 2-Amino-6-ethylpyridine (4.95 g, 
40.5 mmol), 1,2-dicyanobenzene (2.60 g, 20.3 mmol), and CaCl2 (260 mg, 2.34 mmol) were weighed 
into a 100 mL round bottom flask. To this was added 1-hexanol (50 mL) and a stir bar, and the vessel 
was fitted with a reflux condenser. The headspace of the reaction vessel was flushed with nitrogen for 5 
minutes, and the suspension was heated to 180 °C for 24 h under a continuous flow of nitrogen. Upon 
cooling to room temperature, 1-hexanol was removed by rotary evaporation to afford a green viscous 
residue. The residue was triturated with pentane (50 mL) to afford a green solid, which was then washed 
with deionized water (3 x 50 mL), then extracted with 250 mL CHCl3. The CHCl3 was removed by 
rotary evaporation to provide a reddish brown solid. The resulting solid was recrystallized in boiling 
ethanol to afford 3.14 g (44% yield) of orange crystals. 1H NMR (400 MHz, CDCl3): 12.31 (s, 1H), 8.06 
(dd, J = 5.8, 3.0 Hz, 2H), 7.71 – 7.61 (m, 4H), 7.14 (d, J = 7.9 Hz, 2H), 6.95 (d, J = 7.6 Hz, 2H), 2.73 (q, 
J = 7.6 Hz, 4H), 1.17 (t, J = 7.6 Hz, 6H). 13C NMR (125 MHz, CDCl3): 162.37, 160.16, 153.01, 138.43, 
135.47, 131.68, 122.56, 118.08, 117.93, 31.34, 13.73. IR (ATR, cm-1): 3333, 3043, 2966, 2930, 2868, 
1628, 1583, 1553, 1468, 1442, 1411, 1212, 1154, 1093, 1065, 814, 768, 702, 680. HRMS (ESI-TOF) 
m/z: [M + H]+ Calcd for C22H22N5 356.1875; Found 356.1870 
Synthesis of potassium (1Z,3Z)-1,3-bis((6-ethylpyridin-2-yl)imino)isoindolin-2-ide (KbEtpi). 
HbEtpi (1.01 g, 2.85 mmol) and potassium bis(trimethylsilyl)amide (515 mg, 2.58 mmol) were 
weighed into a 20 mL vial under N2. To this was added anhydrous THF (10 mL) and a stir bar, and the 
solution stirred at ambient temperature until a yellow precipitate had formed (24 h). The yellow 
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precipitate was collected and washed with THF (3 x 20 mL) and Et2O (3 x 20 mL), and dried under 
vacuum for 24 h. The yellow solid was used without further characterization or purification. Synthesis 
of Fe(bEtpi)Br. THF (10 mL) was added to a 20 mL vial charged with K(bEtpi) (277 mg, 0.704 
mmol), FeBr2 (142 mg, 0.658 mmol), and a stir bar. The resulting solution was stirred at ambient 
temperature for 20 h and then THF was removed under vacuum. The crude solid was washed with 
diethyl ether (4 x 25 mL), and then extracted with dichloromethane (75 mL). The dichloromethane 
extraction was concentrated in vacuo to approximately 10 mL, and diethyl ether was deposited on top of 
the dichloromethane for recrystallization. After 24 h, the precipitate that formed was collected and 
washed with diethyl ether to afford Fe(bEtpi)Br as an orange solid (99 mg, 35%). The orange solid was 
used without further purification. 1H NMR (400 MHz, THF): δ 50.02 (s, 2H, 38.8 Hz), 25.89, (s, 2H, 
46.9 Hz), 11.90 (s, 2H, 31.6 Hz), 10.81 (s, 2H, 13.4 Hz), 9.21 (s, 6H, 67.9 Hz), -6.33 (s, 2H, 25.8 Hz). 
IR (ATR, cm-1): 3066, 2968, 2933, 2871, 1627, 1585, 1557, 1524, 1434, 1306, 1284, 1189, 1157, 1043, 
774, 708. 
Synthesis of Fe(bEtpiMe)(OTf)2. Fe(bEtpi)Br (86.3 mg, 0.176 mmol) was dissolved in 
dichloromethane (10 mL) in a 20 mL vial charged with a stir bar. Methyl triflate (128 µL, 1.17 mmol) 
was then added and the solution was allowed to stir at ambient temperature for 24 h before removing 
volatiles under vacuum. The crude product was washed with diethyl ether (4 x 20 mL), and extracted 
with dichloromethane (5 mL). A layer of diethyl ether (20 mL) was added to the reaction mixture and 
the mixture was placed at -35 °C to precipitate a brown solid. After 24 h the brown solid was collected 
and washed with diethyl ether (4 x 10 mL) and pentane (4 x 10 mL), and dried under vacuum to afford 
Fe(bEtpiMe)(OTf)2 (80 mg, 63%). Crystals suitable for characterization by X-ray diffraction were 
obtained from vapor diffusion of pentane into a THF solution at 25 °C. 1H NMR (700 MHz, CD2Cl2): δ 
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60.46 (s, 1H, 168.9 Hz), 49.06 (s, 1H, 162.3 Hz), 45.75 (s, 1H, 155.9 Hz), 39.66 (s, 1H, 148.0), 27.67 
(s, 3H, 159.6 Hz), 14.12 (s, 3H, 251.2 Hz), 10.56 (s, 1H, 37.4 Hz), 6.07 (s, 1H, 90.0 Hz), 4.25 (s, 3H, 
221.6 Hz), 2.51 (s, 1H, 78.3 Hz), -0.85 (s, 1H, 39.3 Hz), -8.38 (s, 1H, 80.4), -8.90 (s, 1H, 93.1 Hz). IR 
(ATR, cm-1): 3080, 1623, 1567, 1521, 1448, 1402, 1220, 1160, 1026, 895, 777, 734, 633. Anal. 
Calculated for C24H20F6FeN5O6S2 (Found): C, 41.51 (41.43), 3.20 (3.24), 9.68 (9.73). 
General procedure for the polymerization of ethylene. At room temperature in a nitrogen-filled 
glove box, a Fisher-Porter tube was filled with the desired amount of methyl-aluminoxane (MAO) (500-
1000 equiv. from a 10% solution of MAO in toluene), and a stir bar was added. 24 mL of the solvent 
(toluene, pentane, or chlorobenzene) was added to the Fisher-Porter tube, and the mixture was stirred 
for one minute. The Fisher-Porter tube was sealed and brought out of the glovebox. The gas transfer line 
was purged with ethylene for one minute at 3 bar. The Fisher-Porter tube was purged three times by 
venting under a static ethylene atmosphere at 3 bar. The pressure was then raised to 10 bar and left to 
stir for two hours and then reduced once again to 0.05 bar. A stock solution of the desired iron catalyst 
was out in the glovebox and dissolved in cholorobenzene (1 mg/mL). The catalyst was injected into the 
Fisher Porter tube against a positive pressure of ethylene (0.05 bar). Once the iron catalyst was injected, 
the Fisher-Porter tube was re-pressurized to 10 bar with ethylene and the reaction mixture was allowed 
to stir for one hour.  The Fisher-Porter tube was depressurized, and the reaction mixture quenched in 
200 mL 10% (v/v) HCl in methanol. After stirring this solution for one hour, the white precipitate was 
isolated by vacuum filtration, washing first with methanol and then with diethyl ether. The isolated 
polyethylene was then characterized by 1H and 13C NMR at 110 ºC using 1,1’,2,2’-tetrachloroethane-d2, 
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Chapter 3: Understanding the Formation of Stereoregular PLA using a 
Bis(imino)pyridine-Ligated Iron Siloxide Complex 
 
3.1 Introduction 
 With nearly half of the 350 million metric tons of plastic being produced each year ending up in 
landfills or leeching into the environment,1 there is an ever increasing demand for new commodity 
materials that are not just mechanically versatile, but also biodegradable. Poly(lactic acid) (PLA) is 
currently the most popular biodegradable polymer on the market and may be found in a number of 
products, such as credit cards, surgical pins, and disposable cutlery.2,3  
Despite this growing utility, PLA has yet to see the same widespread application as other popular 
polymers like polyethylene or polypropylene. This is mainly due to the narrow range of thermal and 
mechanical properties, or thermorheological properties, afforded by industrially produced PLA. Many 
methods for tuning of the physical properties of PLA have been explored in the literature, including the 
use of additives, the synthesis of copolymers, and the generation of different architectures (e.g. branched 
polymers).4  
One area of exploration unique to monomers like PLA comes from leveraging the inherent 
chirality in the monomer. Lactide possesses two stereocenters, leading to three, unique monomer 
feedstocks, L/D-, rac-, and meso- lactide (Figure 3.1). Upon subjecting these feedstocks to 
polymerization reaction conditions, these stereocenters are incorporated into the main chain of the 
polymer. Four distinct microstructures may result: isotactic, heterotactic, syndiotactic, or atactic. Each 
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microstructure leads to different packing of the molecules, thus leading to macroscopic changes in the 
thermorheological properties of the resulting polymer.  
 
Exploring the effects that changing tacticity may have on a polymer’s thermorheological 
properties has become more common in the last few decades due to the popularity of polypropylene.5–8 
It is now known that atactic, isotactic, and syndiotactic polypropylene (Figure 3.2) each have distinct 
thermal and mechanical properties, lending themselves to different applications. Some of these 
properties are obvious upon visual inspection: atactic polypropylene is amorphous, while isotactic 
polypropylene is highly crystalline. However, some of the thermorheological properties of the different 

















































molecular weight (i.e. the molecular weight above which the thermorheological properties of the 
material become independent of molecular weight).  This low entanglement molecular weight has lead 
to the highest energy barrier for flow, making the processing of syndiotactic polypropylene challenging.9 
 
Comparatively, little is known regarding the thermal and mechanical properties of the range of 
microstructures available to PLA. Significant work has been done to characterize the properties of 
isotactic PLA, generated from the polymerization of L-lactide.10–12 This is the most widely produced 
microstructure for PLA, and is often the polymer being referred to when discussing the mechanical and 
thermal properties of PLA-based materials. Studies of the amorphous solid, atactic PLA, are also 
common, especially with regards to their ability to tune the thermorheological properties of isotactic 
PLA when used as an additive.13 However, only a few systems are known to produce syndiotactic PLA 
with syndioselectivity > 90%,14–16 inhibiting its thermorheological characterization. Furthermore, there is 
only one publication in the literature that explores the properties of heterotactic PLA.17 Those studies 
that do exist, though, have highlighted a number of potential benefits, like tunable rates of 
biodegradation, as well as tunable melting and glass-transition temperatures (Tm and Tg).17,18 
Recently, work by Cesar Manna and Aman Kaur of the Byers group demonstrated the 
polymerization of lactide using bis(imino)pyridine-ligated iron complexes, 3.1a and 3.1b, as initiated by 
Figure 3.2. Possible microstructures of polypropylene (PP). 
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silanols (Figure 3.3).19 Previous studies using 3.1a in combination with aliphatic and aromatic alcohols 
had demonstrated that the number of growing polymer chains per metal center was dependent on the 
pKa of the chosen initiator (Figure 3.4).20  
 
Based on a coordination-insertion mechanism for polymerization, upon initiation of the 
polymerization of lactide using 3.1a, one alkoxide arm will remain bound to the iron center, while the 
other arm will now be occupied by the ring-opened lactide. The second monomer unit may now insert 
into the end of the growing polymer chain, or into the remaining alkoxide. When using aromatic 
alcohol’s, due to their lower nucleophilicity, insertion of monomer into the growing polymer chain is 
more favorable. However, when using aliphatic initiators, the nucelophilicity of the alkoxide and the 
lactic acid end group are more similar. This results in competitive insertion of the monomer into either 
of the two active sites, leading to two polymer chains per metal center, both growing at the same rate.  
 




In an effort to further screen initiator effects, silanols were selected as their pKa is comparable 
with that of aromatic alcohols. Upon initiation, it was expected that one siloxide would be activated 
while the other would remain bound to the iron center, offering an opportunity for further tuning the 
electronics and sterics of precatalyst 3.1 through facile, late-stage modification. Prior work with 3.1a 
using either aliphatic or aromatic alcohols as initiators had produced only atactic PLA.20 However, when 
using silanols as initiators, stereoregular PLA was observed. Specifically, rac-lactide produced 
heterotactic PLA, while meso-lactide generated syndiotactic PLA (Figure 3.3). Analysis of the 
stereoerrors in the polymer microstructure by NMR spectroscopy indicated that the reaction was likely 
Figure 3.4. Reaction pathway for lactide polymerization using aliphatic alcohols (a) and aromatic 
alcohols (b) as initiators.  
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under enantiomorphic site control, meaning that the coordination of the carbonyl proximal to an R vs. S 
stereocenter of lactide was dictated by the stereogenicity of the catalyst rather than the last inserted 
monomer unit.19 Desymmetrization of the catalyst arising from the hemilability of the arms of the ligand, 
encouraged by the steric bulk of the silanol initiator, was proposed to explain this observation (Figure 
3.3). 
 
 Previous efforts from Aman Kaur focused on beginning to probe the mechanism for the 
formation of stereoregular PLA. More specifically, a Cs symmetric precatalyst analogue of 3.1a was 
explored to demonstrate the necessity for ligand hemilability. Furthermore, her work explored the 
reaction pathway for the polymerization of meso-lactide computationally, supporting enatiomorphic site 
control to form syndiotactic PLA.  
Here, the work discussed in the following sections is dedicated to complimentary studies. First, a 
rigidly C2v symmetric precatalyst was employed for the polymerization of lactide as a counter-proof to 
the Cs symmetric derivative. Later, computational investigations of the polymerization of rac-lactide 
were undertaken to explore the differences in the reaction manifold of the two monomer feedstocks. 
Figure 3.5. Proposed mechanism for the formation of a stereogenic iron center. 
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The relevant work from prior studies will also be discussed to add context to the results obtained in the 
course of this research. 
The aim of the work herein is not only to build upon a fundamental understanding of the 
mechanism in place, but to highlight features of this stereoselective polymerization reaction that may be 
further explored to tune the stereoregularity of the polymerization. Access to tunable stereoregularity 
from a single achiral precatalyst allows for rapid diversification of polymer microstructure, making a 
library of PLA-based materials with potentially distinctive thermorheological properties accessible.  
 
3.2 Effects of Hemilability on the Stereoregularity of PLA 
 Initially, we sought further support the proposed enatiomorphic site-control mechanism for the 
production of stereoregular PLA. Specifically, we wanted to demonstrate that hemilablility of the ligand 
was essential in controlling stereoregularity of the polymer chain. To accomplish this goal, a two-
pronged approach was envisioned. Two precatalysts would be designed, one which mimicked the 
catalyst with the bis(imino)pyridine ligand coordinated in a κ-2 fashion, and another which mimicked 
the ligand in a κ-3 coordination environment. With the help of Aman Kaur, complexes 3.2 and 3.3 were 





 While the complete synthesis of 3.3 had been reported previously,21 an optimized experimental 
approach was developed to deliver the ligand faster and with fewer observed side products (Figure 3.7). 
First, 1,2,3,4,5,6,7,8-octahydroacridine (3.4) was reacted with benzaldehyde and acetic anhydride, 
under nitrogen, to yield 3.5. After recrystallization, the ozonolysis of this compound lead to the 
formation of the desired diketone 3.6. Exploration of a number of oxidative and reductive work-ups 
revealed that the cleanest product mixture was obtain by including 3 equiv. of dry pyridine in the 
reaction flask during the ozonolysis. This protocol was previously shown to intercept the carbonyl oxide 
generated during the rearrangement of the primary ozonide, leading to product formation without the 
need for further workup.22 Upon column purification, 3.6 was combined with iron dichloride and 2,6-
dimethylaniline in glacial acetic acid to form the desired compound, 3.3.21  
 
Figure 3.6. Structures of the κ-2 analogue, 3.2, and the κ-3 analogue, 3.3, of lactide polymerization 




 Screening of 3.2 by Aman Kaur led to the formation of stereoregular PLA (Table 3.1, Entry 5 
and 6). Using rac-lactide, modest improvement of the tacticity of the polymer chain was observed 
compared with the polymer isolated from the polymerization catalyzed by 3.1b (Table 3.1, Entry 3). 
Though, with meso-lactide, a significant loss in stereoregularity was observed (Table 3.A, Entry 4). The 
drop in stereoregularity of PLA derived from meso-lactide was attributed to the notable change in sterics 
of the ligands of 3.1b and 3.2. Regardless, both feedstocks produced PLA with enriched tacticity 
compared to conditions using p-methoxyphenol (Table 3.1, Entry 1 and 2). Further evidence for the 
hemilability of the ligand in 3.1 came from colorimetric analysis of 3.1 and 3.2. It was noted that when 
3.1 was combined with alcohol initiators in solution, a purple color resulted. Yet, when using silanols, 
the solution became green.  For 3.2, regardless of the choice of initiator, a green solution resulted, 
indicating that the color change was reflective of the coordination environment about iron. These 
Figure 3.7. Synthetic pathway to precatalyst 3.3.  
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similarities were also observed in the UV-Vis profiles of 3.1 and 3.2 in the presence of various initiating 
groups.19   
 
 Compared to the previously observed behavior of 3.2, screening of 3.3 for the polymerization of 
lactide using a sodium siloxide initiator (i.e. NaOSiPh3) led to rapid decomposition of the catalyst. This 
behavior was attributed to the inability of 3.3 to adopt the κ-2 coordination environment necessary to 
accommodate the bulk of siloxides. However, given that precatalyst 3.3 must be activated via salt 
metathesis, as compared to protonolysis when using 3.1b or 3.2,19 undesireable side reactions leading to 
catalyst decomposition could not be ruled out.  
Table 3.1 Selected Results from Previous Studies of the Polymerization of Lactide19 
Entr
y 
Catalyst Initiator Monomer Feedstock Mn (kDa)a Mw/Mna Ps (%)b 
1 3.1a HOPhOMe rac-lactide 9.08 1.42 50 
2 3.1a HOPhOMe meso-lactide 9.04 1.25 67 
3 3.1b HOSiPh3 rac-lactide 29.1 1.35 69 
4 3.1b HOSiPh3 meso-lactide 54.4 1.43 88 
5 3.2 HOSiPh3 rac-lactide 43.1 1.40 73 
6 3.2 HOSiPh3 meso-lactide 39.2 1.60 70 
a  kDa  and dispersity (Mw/Mn) collected by GPC relative to polystyrene standards. b probability of 
inserting a syndiotactic unit. 
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To explore this possibility, 3.3 was initiated for the polymerization of lactide using a relatively 
small, aromatic alkoxide, NaOPhOMe.  In this case, the desired catalytically active complex was 
observed by 1H NMR. When reacted with lactide, conversion of monomer to atactic PLA was observed, 
but with noticeably slower rates of propagation (Figure 3.8). The reactivity demonstrated here indicated 
that the decomposition of 3.3 in the presence of sodium siloxides was more likely a result of the 
precatalyst’s rigid, κ-3 ligand environment. Furthermore, the reactivity suggested that a rigid, κ-3 ligand 
may be detrimental to the polymerization of lactide even when using initiators that have not been shown 
to give rise to stereoregular PLA.   
  
3.3 Theoretical Probe of the Mechanism for Stereoselective Polymerization of rac-Lactide 
 During the initial optimization of the stereoregular polymerization of lactide, calculations 
performed by Aman Kaur focused on modeling the reaction pathways of the catalyst coordinating to the 
Figure 3.8. Kinetics for the polymerization of rac-lactide by 3.1 (∆) and 3.3 (☐), and meso-lactide 
by 3.3 (○) initiated by sodium p-methoxyphenoxide. 
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carbonyl oxygen proximal to the R and S stereocenters of meso-lactide, along with the resulting insertion 
of the monomer.  The results were then used to explain the formation of syndiotactic PLA from 3.1a as 
well as highlight areas that may allow for optimization of catalytic performance.19 For simplicity, the 
growing polymer chain was mimicked using an achiral isopropoxide moiety bound to the iron center 
(3.7, Figure 3.9). Given that the stereoregularity of the polymer chain is governed by the catalyst, an 
achiral alkoxide should still reflect energetic differences for the two different lactide binding modes.  
 
Prior to a developing a theoretical model, a proposed mechanism for the polymerization of 
meso-lactide was outlined that required propagation to occur through coordination and insertion of the 
incoming monomer unit (Figure 3.10).  The insertion of the monomer leads to unstable tetrahedral 
intermediate that then collapses, regenerating the stereogenic center at iron. This pathway favors the 
consecutive insertion of the same face of the meso-lactide monomer, resulting in the formation of 
syndiotactic PLA. 
 
Figure 3.9. Structures of iron catalyst used to model the S vs. R selectivity of meso-lcatide (3.7), and 




Early on in the computational analysis, it was found that the bis(imino)pyridine ligand of 3.7 
coordinating in a κ-2 fashion was 0.5 kcal/mol lower in energy than κ-3, in line with proposed 
mechanism for desymmetrization of precatalyst 3.1a (Figure 3.5). Further analysis revealed that there 
was virtually no difference in the energy of the coordination of the carbonyl proximal to the R or S 
stereocenter of meso-lactide. However, a ∆∆G‡ of 1.0 kcal/mol was found for the formation of the 
tetrahedral intermediate.  This barrier favored insertion proximal to the S-stereocenter rather than the 
R-stereocenter.  Additionally, a 1.00 kcal/mol barrier reflects a similar degree of syndiotactic 
enchainment as was observed for the polymerization of meso-lactide by 3.1b (Table 3.1, Entry 4). The 
collapse of the tetrahedral intermediate was found to be lower in energy, indicating that the formation of 



























Figure 3.10. Proposed mechanism for the polymerization of meso-lactide to form syndiotactic PLA.  
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 In this study, the focus shifted to investigating the selectivity of L- vs. D-lactide in the formation 
of heterotactic PLA from a feedstock of rac-lactide. The mechanism for the polymerization of rac-lactide 
shown in Figure 3.11 is not as direct as that proposed for meso-lactide. Initially, the two reaction 
pathways would mimic one another. Lactide coordinates to the iron center and then undergoes insertion 
to form a tetrahedral intermediate. However, when the tetrahedral intermediate collapses, a 
diasteromeric mistmach results.15  In the case of a ‘Pro-R’ iron center, for heterotactic PLA to result from 
coordination and insertion of D-lactide, the stereocenter of the growing polymer chain closest to iron 
must have S chirality. However, upon insertion of D-lactide, the nearest stereocenter would now have R 
chirality. To continue making heterotactic PLA, site epimerization must occur to generate the proper 
stereogenic center at iron. Upon the insertion of the next monomer unit, L-lactide, another mismatch is 
created, again requiring site epimerization. 
Figure 3.11. Proposed mechanism for the polymerization of rac-lactide to form heterotactic PLA.  
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To account for this added complexity, a few changes to the previous computational model were 
needed. First, the complex modeled (3.8, Figure 3.9) bore a 2-tBu substituted aryl iimine, compared to 
the 2,6-Me substituted aryl iimine of 3.7 and 3.1a. Experimentally, the stereoregular polymerization of 
rac-lactide was significantly less selective than that of meso-lactide (Table 3.1, Entry 3 and 4). However, 
the 2-tBu substituted aryl iimine analogue led to a more stable iron complex, with the polymerization 
demonstrating living conditions. Additionally, the 2-tBu substitution in combination with a silanol 
initiator led to one of the highest percentages of syndiotactic enchainment observed at 69% (Table 3.1, 
Entry 3).19 These experimental results indicated that the change in the modeled ligand system would 
allow for a more accurate model of the stereoselectivity observed experimentally. Additionally, the 
isopropoxide moiety used to mimic the polymer chain had to be replaced. The diastereomeric mismatch 
that drives the mechanism for the formation of heterotactic PLA arises, in part, from the identity of the 
chiral center of the bound polymer chain nearest the iron center. As such, the isopropoxide moiety was 
replaced with a lactic acid analogue. 
 Using this updated model, the reaction pathways resulting from 3.8 selecting L- or D-lactide 
were probed (Figure 3.12). The labile arm of the ligand was chosen arbitrarily, as both should lead to the 
same overall pathway due to the symmetry of the complex. The energy barrier for the formation of the 
tetrahedral intermediate was then probed by coordination of L-lactide to the two different stereoisomers 
of 3.8. One stereoisomer possessed an R-lactic acid analogue (Figure 3.12, left), mimicking the prior 
insertion of D-lactide. The proposed mechanism in Figure 3.11 suggests that this pairing would be the 
most energetically favorable. The other stereoisomer possessed an S-lactic acid analogue (Figure 3.12, 
right), mimicking the prior insertion of L-lactide, mimicking the unfavorable diastereomeric mismatch.  
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In agreement with experimentally observed behavior, the coordination of L-lactide to the 
stereoisomer coordinated to R-lactic acid led to a lower-energy activation barrier by 2.0 kcal/mol. The 
driving force for this barrier was attributed to the orientation of the methyl group at the chiral center of 
the lactic acid analogue in the transition state structures of the two stereoisomers. When 
accommodating the incoming lactide monomer, the lactic acid subunit must orient a portion of its steric 
bulk backward, leading to steric interference between the bis(imino)pyridine ligand backbone and the 
lactic acid subunit. When L-lactide was bound to the stereoisomer of 3.8 with an R-lactic acid subunit, 
the proton of the chiral center may be oriented into this space. However, when modeling the S-lactic 
acid unit, the methyl group of the chiral center was forced to occupy this space, being prevented from 
rotating due to the steric bulk of the remaining arm of the bis(imino)pyridine ligand coordinated to 
iron.  
Figure 3.12. Rxn. Coord. Diagram for the competitive insertion of L-lactide in the pro-chiral iron 
complex mimicking D-lactide (Left) and L-lactide (Right) as the last inserted monomer. 
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3.4 Chiral Ligand Effects 
To this point, no heterotactic enchainment greater than 75% has been observed for the 
polymerization of rac-lactide, and no greater than 92% syndiotactic enchainment was observed for 
meso-lactide using our system (Figure 3.3). To begin to elucidate the full range of thermorheological 
properties available to PLA with different microstructures, being able to produce PLA with 
stereorgularity varying from 50% syndiotactic enchainment (i.e. atactic PLA) to 100% syndiotactic 
enchainment (i.e. perfect heterotatic or syndiotactic PLA) is critical. It was hypothesized that a more 
traditional route to controlling tacticity through the use of a chiral ligand may enhance the 
stereoselectivity of this polymerization reaction. 
Guided by a growing interest in diversifying the ligand framework of the bis(imino)pyridine-
ligated iron complexes, the combined efforts of Miao Qi, Aman Kaur, Sewon Oh, and the author 
demonstrated a facile method for functionalization of 2,6-diacetylpyridine with a variety of substituted 
aromatic and aliphatic amines. Transition metal catalysts bearing bis(imino)pyridine ligands have 
become relatively common in the literature, being employed in a variety of transformations including 
the polymerization of olefins23,24 and cyclic esters,20 atom transfer radical polymerization (ATRP) of 
acrylates and styrene,25 intermolecular [2+2] cycloadditions,26 H-atom transfer reactions,27 
hydrogenation of olefins,28 dehydrogenative sylilations,29 and hydroborations.30 Despite their prevalence, 
the synthetic routes available for synthesizing a variety of bis(imino)pyridine ligands are few, with most 
requiring long reactions times, and many resulting in low overall yields. The most common route for the 
formation of these ligands is the acid-catalyzed condensation of amines with a diketone or dialdehyde 
pyridine precursor.31–33 Under these conditions, removal of water is required to drive the conversion of 
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starting material to the desired product, leading to reaction times on the order of days. The use of 
electron-deficient anilines further slows down the reaction, while electron-rich anilines and amines are 
easily oxidized by the acid.  
To access a library of bis(imino)pyridine ligands quickly, with a variety of anlines and amines, 
efforts in the Byers lab turned towards the use of a transition metal template synthesis. Examples exist in 
the literature that illustrate the efficiency with which zinc chloride salts have been capable of facilitating 
the synthesis of a number of diimine ligands,34,35 in addition to macrocyclic ligands bearing 
bis(imino)pyridine moieties.36,37 To this point, the scope of these protocols had not been explored.  
The resulting, optimized onepot reaction allowed for a considerable library of 
bis(imino)pyridine ligands to be accessed quickly at multigram scales with high yields and purity. The 
reaction was tolerant of both electron poor as well as electron rich anlines, always providing 70-90% 
yields. Here, the template protocol was employed using 3.7, a chiral aniline, to isolate 3.8 in high yields 
(Figure 3.13). Despite the racemic nature of the starting aniline, only one diastereomer was observed by 
1H NMR.  




Using 3.10, the iron alkyl precatalyst 3.11 was synthesized and tested \for the polymerization of 
lactide by converting it to an iron alkoxide in situ using p-methoxyphenol, neopentanol, and 
triphenylsilanol as initiators and both rac-lactide and meso-lactide as monomers. In the case of the 
silanol, no polymer was obtained, and the change in the color of solution from purple to green and then 
brown suggested catalyst decomposition. With both of the alkoxide initiators, the polymerization of 
lactide was observed. However, by 1H and 13C NMR, only predominantly atactic polymer was produced 
(Table 3.2).  
 
 To explain this behavior, it was necessary to determine what diastereomer of the ligand had been 
isolated. While crystallization of the metallated complexes was not amenable for characterization by X-
ray crystallography, crystallization of the ligand could be achieved through slow-evaporation of a 1:10 
solution of ethyl ether and toluene at room temperature. The crystal structure revealed that the meso-
Table 3.2 Analysis of PLA Produced by Precatalyst 3.11 
Entry Catalyst Initiator Monomer Feedstock Mn (kDa)a Mw/Mna Ps (%)b 
1 3.11 HOPhOMe rac-lactide 28.5 1.11 52 
2 3.11 HOPhOMe meso-lactide 19.6 1.10 50 
3 3.11 neopentanol rac-lactide 41.5 1.09 60 
4 3.11 neopentanol meso-lactide 30.4 1.15 53 
a  kDa  and dispersity (Mw/Mn) collected by GPC relative to polystyrene standards. b probability of 
inserting a syndiotactic unit. 
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ligand was the isolated diastereomer (Figure 3.10). This observation was consistent with the isolation of 
atactic PLA, because when the ligand binds to the metal center, if it does so in a κ-3 coordination 
environment, then the resulting complex would be achiral. 
 
The isolation of the meso-diastereomer, 3.10, raised concerns that the chiral diastereomer might 
be energetically inaccessible via the template synthetic route. Computational modeling of the meso- and 
chiral zinc-bound intermediates revealed that the formation of the chiral complex was actually more 
stable by 7.1 kcal/mol, indicating that the enantioenriched bis(imino)pyridine should be accessible 
under the template reaction conditions. The two generated ground state structures were then examined 
to explain why the model was not in agreement with the experimental results (Figure 3.13).   
Both of the computational models illustrated that the most stable configuration orients the 
majority of the steric bulk of the iimine arms away from the face of the metal center, resulting in two 
distinct geometries. The meso-diastereomer displayed C2 symmetry (Figure 3.13, A), while the chiral 
diastereomer displayed Cs symmetry (Figure 3.13 B). This suggested that in the formation of 3.10, to 
form the desired, chiral diastereomer, both nucleophilic attacks must occur on the same face of the zinc 
Figure 3.14. X-ray crystal structure of 3.10. Thermal ellipsoids are represented at 50% probability 
level. Hydrogens have been omitted for clarity. 
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complex, as compared to the meso-diastereomer, where the second nucleophlic attack of the amine on 
the carbonyl carbon would occur on the less sterically encumbered face of the complex. The latter 
pathway would likely be more facile, governing product formation.  
 
To form the desired chiral diastereomer, it is likely that enantiopure anilines will need to be 
employed. Despite efforts to isolate enantioenriched 3.9 via chiral resolution of the amine using 
enantiopure carboxylic acids, including (S)-mandelic acid and (S)-camphorsulfonic acid, only a 7 %ee 
was observed. While the use of chiral ligands still holds considerable promise to further enhance the 
stereoregularity of PLA produced by 3.1b using silanol initiators, an improved protocol for accessing 
such a ligand must be developed.  
 
3.5 Conclusions 
 In an effort to expound upon the work initially published by Cesar Manna and Aman Kaur, 
complimentary studies were undertaken to elucidate the behavior of bis(imino)pyridine-ligated iron 
Figure 3.15. Calculated structures of the zinc-based meso-diastereomer (A) and chiral-diastereomer 
complex (B) of 3.10 . 
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complexes bearing siloxide initiating groups for the stereoregular polymerization of lactide. The 
inactivity of the rigid κ-3 complex, 3.3, when reacted with triphenylsilanol and exposed to both rac- and 
meso- lactide served as a counter-proof to the use of the κ-2 precatalyst 3.2, supporting the necessity for 
ligand hemilablity during the polymerization of stereoregular PLA. A marked dropped in reactivity was 
also observed when 3.3 was reacted with p-methoxyphenol and exposed to lactide, indicating that 
hemilablity of the ligand may play an important role in the mechanism for lactide polymerization even 
under conditions that do not yield stereoregular PLA.  
Prior to this work, only the mechanism for the polymerization of meso-lactide had been probed 
computationally. Investigating the pathway for the polymerization of rac-lactide revealed a similar 
energetic barrier for the experimentally disfavored pairing of L-lactide inserting into a growing polymer 
chain where L-lactide was the last inserted monomer unit. This energetic preference further supports the 
previously proposed mechanism where site-epimerization is invoked to alleviate an unfavorable 
diastereomeric matched-mismatched interaction. The ability to enhance this behavior through the use 
of chiral bis(imino)pyridine ligands remains an exciting challenge that may lead to greater tunability of 
polymer tacticity, making a range of PLA stereoregularity accessible for all possible microstructures. 
Such a system could provide a facile way to produce materials with a wide array of thermal and 
mechanical properties, helping to address issues associated with PLA, like brittleness or the lack of a 







General Methods. Unless stated otherwise, all reactions were carried out in oven-dried glassware in a 
nitrogen-filled glove box or using standard Schlenk line techniques.38 All other solvents for were 
purchased from Fisher Scientific and used after passage through a solvent purification system under a 
blanket of argon and then degassed briefly by exposure to vacuum.  Solvents for the polymerization 
reactions were then stored over 4 Å molecular sieves in a glovebox under N2. meso- and rac-lactide were 
purchased from Nature Works LLC., and used after recrystallization from ethyl acetate and then 
toluene. Neopentanol was purchased from Sigma Aldrich and purified by passing the solubilized 
material through a pad of alumina in a glovebox under N2 and then lyophilizing from benzene. p-
methoxyphenol was purchased from Sigma Aldrich and recrystallized from toluene before being stored 
in a glovebox under N2. Triphenylsilanol was purchased from Sigma Aldrich and dried in the presence of 
P2O5 under vacuum before being stored in a glovebox under N2. Zinc chloride (anhydrous) and 2,6-
diacetylpyridine was obtained from Acros Organic and Alfa Aesar, respectively. Glacial acetic acid and 
potassium oxalate were purchased from Fisher Scientific. Deuterated solvents were obtained from 
Cambridge Isotopes Laboratories and used without further purification. NMR spectra were recorded at 
room temperature on Varian spectrometers operating at 400, 500, or 600 MHz for 1H and 13C NMR. 
Gel permeation chromatography of all polymers were analyzed on an Agilent GPC220 in THF at 40 °C 
with three PL gel columns (10μm) in series and recorded with a refractive index detector relative to 
polystyrene standards (3 kDa – 120 kDa) using M/H K= 14.100*10-5 dL/g and α= 0.700.  




Synthesis of 3.5. 1,2,3,4,5,6,7,8-ocathydroacridine (96.0 mg, 0.513 mmol)  was added to a 10 mL 
round bottom flask. A stir bar was added, followed by a two-neck adapter and a reflux condenser. The 
flask was evacuated and then backfilled with nitrogen on a Schlenk line.  Under dynamic nitrogen, 
benzaldehyde (0.5 mL, 0.52 g, 4.90 mmol) was added, followed by acetic anhydride (4.5 mL, 4.86 g, 
4.76 mmol) via syringe. The reaction mixture was refluxed at 160 oC and monitored by TLC. After 12 
hours, the reaction was stopped. The round bottom flask was capped, placed in a fridge at 4 oC and left 
to recrystallize. Yellow, granular crystals were isolated (Yield: 98%).  1H NMR (C6D6): δ 8.11 (s, 1H), 
7.45 (d, J = 19.7 Hz, 2H), 7.37 (t, J = 7.7 Hz, 2H), 7.24 (d, J = 15.6 Hz, 1H), 7.15 (s, 0H), 2.90 (ddd, J = 
7.0, 5.1, 1.9 Hz, 2H), 2.83 (t, J = 6.1 Hz, 2H), 1.90 – 1.79 (m, 2H). 
 Characterization of the compound matched what has been previously observed in the 
literature.21 
Synthesis of 3.6. 3.5 (0.169 g, 0.465 mmol) was weighed into a 25 mL two-neck round bottom flask. 
Dichloromethane was added (10 mL), and the mixture was stirred under dynamic N2 using rubber 
tubing and an oil bubbler. Dry pyridine (0.113 mL, 1.395 mmol, 3 equiv.) was added to the solution, and 
he mixture was cooled to -70 oC using a bath of dry ice and acetone. Ozone was bubbled through the 
solution vigorously until the solution became deep-blue in color. Oxygen was then bubbled through to 
purge the excess ozone, resulting in a clear, colorless solution. The solution was allowed to warm to 
room temperature before be washed with sodium bicarbonate. The organic layer was removed and dried 
over NaSO4 before being concentrated under vacuum. The resulting crude product was purified on a 
silica column, eluting first with 30:70 hexane:EtOAc followed by 80:20 dichloromethane:EtOAc. The 
fractions were then pumped down to dryness to yield a tan solid as the desired product (Yield: 40 %) 1H 
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NMR (C6D6): δ 7.61 (s, 1H), 3.06 (t, J = 6.1 Hz, 4H), 2.82 (t, J = 6.6 Hz, 4H), 2.20 (m, J = 5.9, 5.5 Hz, 
4H). 
 Characterization of the compound matched what has been previously observed in the 
literature.21 
Synthesis of 3.3. Anhydrous iron dichloride (0.0258 g, 0.213 mmol) was weighed into a 20 mL 
scintillation vial. 3.6 (0.0436 g, 0.203 mmol) was weighed into a separate 20 mL vial along with 2,6-
dimethylaniline (0.054 mL, 0.416 mmol). The iron dichloride was dissolved in 3 mL of glacial acetic 
acid and added to the vial containing the 3.6 and aniline. The vial is then capped with a Teflon-lined 
screw cap and heated to 150 oC for 6 hours. Upon cooling, ether was added to precipitate a brown solid. 
The solid was washed with ether and then dried to yield the desired product. (Yield 51.5 %) 1H NMR 
(C6D6): δ 15.89 (J = 335.5 Hz, 1H), 15.66 ( J = 305.9 Hz, 1H), 14.40 ( J = 1016.4 Hz, 3H), 2.24 (J = 
641.4 Hz, 2H), 1.26 (J = 157.6 Hz, 1H), 0.10 (J = 384.9 Hz, 1H), -10.79 ( J = 453.9 Hz, 1H), -33.84 (J = 
720.4 Hz, 1H). 
Characterization of the compound matched what has been previously observed in the 
literature.21 
Protocol for the Activation of 3.3. The desired alcohol (2.0 equiv) was dissolved in THF (5.0 mL) 
and the solution was cooled to -40oC. A suspension of NaH (9.2 mg, 0.383 mmol, 2.1 equiv) in THF 
(5.0 mL) was then added to the solution and the mixture was allowed to warm to room temperature 
during which time bubbling was observed and the mixture became homogeneous. The solution was 
stirred for 20 min at room temperature, and then returned to -40oC. At this temperature, the solution 
was added to a suspension of 3.3 (100 mg, 0.182 mmol, 1.00 equiv) in THF (10 mL) that was precooled 
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to -40oC. The reaction mixture was allowed to warm to room temperature while stirring. After 2 h at 
room temperature, the solvent was removed in vacuo. The crude solid was dissolved in benzene (15 
mL), filtered through Celite. The product was recrystallized by layering of the filtrate with a four-fold 
excess of pentane, and stored at -40oC. 
 
Characterization of FeII(2,6-Me,TBBIP)(OPhOMe)2. 1H NMR (C6D6): δ 87.81 (294, 4H), 51.15 
(352, 1H, PyH4), 24.19 (785, 4H, ArylH3/5), 13.01 (82, 12H, Ar-CH3), -5.66 (102, 4H), -20.36 (60, 2H, 
ArylH4), -64.59 (1403, 4H, CH2CN) ppm. HRMS (ESI+): calc’d for C43H45FeN3O4 723.28, found 
723.27997. 
 
Synthesis of 3.10. To a round bottom flask, 2,6-diacetylpyridine (0.100 g, 0.612 mmol) and zinc 
dichloride (0.100 g, 0.735 mmol) were added with glacial acetic acid (5 mL). This solution was stirred 
until a homogenous milky solution resulted. 3.9 (0.352g, 1.47 mmol, 2.4 equiv) was added to the 
reaction mixture. The solution was refluxed for 30 minutes, during which a yellow precipitate formed. 
Upon cooling, the solid was washed with chilled acetic acid (3 x 5 mL) and hexanes (3 x 10 mL) to 
remove unreacted starting material. The solid was suspended in dichloromethane (30 mL), and a 
solution of potassium oxalate (1 g, 6.12 mmol) in water (10 mL) was added. The mixture was stirred for 
an hour. The two phases were separated, and the aqueous layer was washed with dichloromethane (3 x 
10 mL). The organic layer was dried with sodium sulfate and filtered. The solvent was removed to give 
the free ligand as a flocculent, yellow powder (92% yield). 1H NMR (400 MHz, CDCl3): δ = 7.90 (d, J = 
7.8 Hz, 2H), 7.66 (t, J = 7.8 Hz, 1H), 7.37 (d, J = 1.8 Hz, 2H), 7.31 – 7.23 (m, 6H), 7.22 – 7.13 (m, 6H), 
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7.03 (dd, J = 7.9, 1.8 Hz, 2H), 6.51 (s, 4H), 6.43 (d, J = 7.8 Hz, 2H), 4.41 (q, J = 7.3 Hz, 2H), 2.42 (s, 
6H), 2.36 (s, 8H), 2.11 (s, 6H), 1.97 (s, 12H), 1.77 (s, 6H), 1.60 (d, J = 7.4 Hz, 6H). DART MS calcd. 
for C45H51N3: 634.41345, found 634.41558. IR(neat): 3029, 2959, 2921, 2857, 2361, 2332, 1642, 
1495, 1456, 727, 629, 468 cm-1. 
Characterization of 3.10.  1H NMR (400 MHz, Benzene-d6) δ = 42.35 (s), 33.14 (s), 19.38 
(s), 13.18 (s), 11.49 (s (broad)), 9.05 (s), 7.26 (s), 4.26 (s), 2.63 (s), 1.45 (s), 1.00 (d, J = 20.5 Hz), 
0.35 (d, J = 186.2 Hz), -144.74 (s). 
General Conditions for the Polymerization of Lactide. The desired iron precatalyst (13.9 umol) was 
combined with the desired initiator (27.8 umol, 2.0 equiv.) and stirred in THF for 5 minutes. Separately, 
lactide (0.1 g, 0.7 mmol, 50 equiv.) was dissolved in THF.  The solution of catalyst was then added to 
monomer and stirred for 9h. Conversion was tracked by 1H NMR, integrating the methine proton signal 
of PLA (5.16 ppm, q) against the methine proton signal of the lactide monomer (5.02 ppm, q). The final 
polymers were dried in vacuo, dissolved in a minimal amount of dichloromethane, and precipitated in 
cold methanol. The isolated tan-to-white solid was analyzed by 1H NMR and GPC. Tacticity was 
determined by inspection of the methine region of the 1H(1H) decoupled spectrum for rac-lactide and 
the methine region of the 13C NMR for meso-lactide.   
Computational Analysis of the Formation of Heterotactic PLA from rac-Lactide. All computations 
were carried out using Density Functional Theory (DFT) methodology employing the electron density 
gradient corrected BP86 functional in conjunction with a basis set that was constructed as follows: The 
core electrons of the iron center were described using the Los Alamos Effective Core S9 Potential 
(ECP) and its valence electrons were described by a double-z basis set, collectively called LANL2DZ. In 
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addition, the valence electrons were augmented with an extra d-function (one primitive Gaussian 
function with an exponent value of 0.451). The electrons of all other atoms were described by Pople’s 
split-valence 6-31G** basis set. All calculations were carried out in a tetrahydrofuran (THF) solvent 
simulated by Tomasi’s Polarizable Continuum Model (PCM). Stationary-point characterization of all 
optimized geometries were carried out by means of frequency calculations utilizing the same level of 
theory as was used in the geometry optimizations. Gibbs free energies and enthalpies (computed at 298 
K and 1 atm) and zero-point corrected energies were calculated using the computed normal mode 
frequencies (not scaled). All calculations were carried out using the Gaussian 09 program. 
Computation Analysis of the Stability of Zn-Chelated 3.10. All computations were carried out using 
Density Functional Theory (DFT) methodology employing the B3LYP functional in conjunction with 
the 6-311G basis set. All calculations were carried out in the gas phase. Stationary-point characterization 
of all optimized geometries were carried out by means of frequency calculations utilizing the same level 
of theory as was used in the geometry optimizations. Gibbs free energies and enthalpies (computed at 
298 K and 1 atm) and zero-point corrected energies were calculated using the computed normal mode 
frequencies (not scaled). All calculations were carried out using the Gaussian 09 program. 
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Chapter 4: Investigating Rapid Chain Transfer Polymerizations Catalyzed by a 
Bis(imino)pyridine-Ligated Iron Complex Using an Aliphatic Initiator  
 
4.1 Introduction 
 The development of controlled polymerizations is a common goal in both academic and 
industrial research. Here, control may refer to influence over a polymer’s dispersity,1 molecular weight,2–
7 architecture,8–10 or tacticity.11–14 Controlled polymerizations allow for a single feedstock to be tailored 
for a desired purpose with minimal changes to a reaction system that may otherwise be time consuming 
or financially burdensome.  
 Rapid chain transfer polymerization reactions represent a unique subset of controlled 
polymerization reactions. Rather, rapid chain transfer polymerizations are a subset of a subset of 
controlled polymerizations called ‘living’ polymerizations. Living polymerizations are characterized as 
having a rate of initiation much greater than that of propagation, as well as a lack of termination events. 
This leads to polymers with narrow dispersities whose molecular weights are linearly correlated with 
monomer conversion. The elegance and utility of these systems has led to increasing popularity among 




 By comparison, rapid chain transfer polymerizations maintain the same control over molecular 
weight and dispersity, but also undergo chain transfer events (Figure 4.1).16 Unlike many chain growth 
polymerizations, however, chain transfer in a rapid chain transfer polymerization does not lead to the 
permanent deactivation of the polymer chain. Instead, these chain transfer events are rapid and 
reversible, leading to continued growth of the chain, giving rise to their nickname, ‘immortal’ 
polymerizations. Most importantly, control over molecular weight and dispersity is maintained in these 
systems as a result of the rate of chain transfer being significantly faster than the rate of propagation.  
Figure 4.1. General scheme for chain transfer as observed in a standard chain growth polymerization 









 Rapid chain transfer polymerizations have become popular as a result of leveraging these chain 
transfer events to build complexity and value into a given polymerization reaction. The appropriate 
choice of a chain transfer reagent may allow for facile functionalization of a polymer end group17,18 the 
one-pot preparation of macromonomers,19 and the use of macrointitiators.20 Furthermore, multi-
functional initiators may be used to access telechelic polymerizations,21 as well as complex architectures, 
like star-shaped polymers.22–24 While similar reactions may be achieved through other methods, rapid 
chain transfer polymerization reactions benefit from maintaining the level of control associated with 
living polymerizations. 
Regarding the wider class of living polymerizations, the use of single-site catalysts has received 
some criticism as the overall cost of the polymer increases with decreasing molecular weight,15 not to 
mention that many catalysts are brightly colored, leading to discoloration of the polymer, which is 
considered commercially undesirable.25 Rapid chain transfer polymerizations offer a means to address 
these criticisms. As it is possible for excess initiator to exchange rapidly at the catalyst, it is possible to 
significantly decrease catalyst loadings without altering the amount of initiator or monomer employed. 
Additionally, through the use of supported catalysts, polymers with tailored dispersities and molecular 
weights may be isolated directly, without the need for purification away from the catalyst. Furthermore, 
the catalyst may be used again, leading to added value.26  
In 2013, the Byers lab developed a catalyst for the living polymerization of lactide using a 
bis(imino)pyridine-ligated iron alkoxide catalyst (Figure 4.2, A).27 An advantageous feature of this 
particular lactide polymerization reaction was the redox-switchable chemoselectivity of the catalyst. 
When oxidized, the catalyst became inactive for the polymerization of lactide, but when reduced, the 
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polymerization continued with no loss in reactivity. It was later found that epoxides possessed 
complimentary reactivity, only polymerizing in the presence of the oxidized complex, and remaining 
unreacted in the presence of the reduced species. As polyethers possess complimentary mechanical 
properties, this reaction manifold was utilized to generate block copolymers between rac-lactide and 
cyclohexene oxide (Figure 4.2, B).28 
 
To this point, the redox-switchable polymerization of lactide and select comonomers has been 
limited to one or two growing chains per catalyst center,27 requiring high loadings of catalyst to generate 
larger quantities of polymer. Furthermore, the redox-switchable nature of the catalyst has been most 
commonly triggered using sacrificial oxidants and reductants. While many of these materials are not 
necessarily toxic, they are both costly and brightly colored. The use of rapid chain transfer 
polymerization reaction conditions to lower the overall demand for catalyst, oxidant, and/or reductant 
would add considerable value to this reaction. An alternative approach to cycling the oxidation state of 
the catalyst was developed using electrochemistry but resulted in broadened molecular weight 
Figure 4.2. Reaction for the polymerization of lactide (A) and the block copolymerization of lactide 
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dispersities, correlating with some loss of control over the polymerization. This decreased control was 
ascribed to mass transport limitations, which may also be alleviated by decreasing the catalyst loading, 
making this system amenable to rapid chain transfer polymerization conditions as well. 
Previously, Ashley Biernesser investigated the rapid chain transfer polymerization of lactide 
using 4.1. However, regardless of the choice of additive, no chain transfer events were observed. At the 
time, this was simply treated as a limitation of the system. 
More recently, work from the Mehrkodavandi group showed that the choice of initiator plays a 
key role in achieving the rapid chain transfer ring opening polymerization of lactide.29 Using an indium 
catalyst, they demonstrated that while aliphatic alkoxide initiators were competent for the rapid chain 
transfer polymerization of lactide, aromatic initiators were widely incapable of facilitating the same 
reactivity. This was attributed to a mismatch in the strength of metal-alkoxide bond. The less 
nucleophilic aryl alkoxides significantly slowed the rate of initiation of new polymer chains following a 
chain transfer reaction. 
The work presented in this chapter sought to expand the chemical toolbox of 
bis(imino)pyridine iron complexes by demonstrating their competency for the rapid chain transfer 
polymerization of lactide. Given the utility of the redox-switchable reactivity possessed by 4.1 and 4.2 , 






4.2 Developing Rapid chain transfer Polymerization Conditions 
With the insight provided by the Mehrkodavandi group, exploration of the ability of these 
bis(imino)pyridine-ligated iron complexes to catalyze the polymerization of lactide with rapid chain 
transfer characteristics began anew. In this instance, 4.2, bearing two neopentoxide groups, was used as 
the precatalyst for initiation. Previously, 4.2 was shown to be active for the living polymerization of 
lactide, similar to 4.1.27 Based on the trends observed by the Mehrkodavandi group, neopentanol was 
expected to better facilitate the initiation of new polymer chains compared to p-methoxyphenol.  
Encouragingly, 4.1 and 4.2 had already demonstrated distinct reactivity directly related to the 
identity of the initiating alkoxide (Figure 4.3). Complex 4.1 was observed to form only one growing 
polymer chain per iron center, despite possessing two potential sites for initiation. Because of the living 
characteristics of the reaction, molecular weight trends linearly with conversion. When using aromatic 
initiators, like 4-methoxyphenol, the observed molecular weights are most similar to that expected from 
only one growing polymer chain per catalyst.27 By comparison, when using aliphatic initiators, like 
neopentanol, the observed molecular weights are more in line with two growing polymer chains per iron 
center (i.e. observed Mn were half the expected value based on percent monomer conversion and the 
ratio of monomer to catalyst being employed). This behavior has been attributed to the mismatched 
nucleophilicity of the two different alkoxide moieties bound to the metal center after the initiation of the 
first growing polymer chain. The sudden increase in the nucleophilicity of one of the coordination sites 
on 4.1 (Figure 4.3, bottom) leads to rapid propagation, disfavoring the activation of the second initiator.  
However, the growing polymer chain of PLA possess a pKa similar to that of neopentanol in 4.2. This 
makes propagation and initiation more competitive, leading to multiple polymer chains being initiated 
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on a single catalyst (Figure 4.2, top). This behavior is similar to that proposed by Mehrkodavandi to 
explain the competency of aliphatic alcohols to carry out rapid chain transfer polymerization reactions.  
 
 To probe the ability of 4.2 to carry out the rapid chain transfer polymerization of lactide, the 
kinetics and the molecular weights of the resulting polymers from the polymerization of L-lactide by 4.2 
were observed in the presence of increasing equivalents of neopentanol (Figure 4.4). In all cases, living 
polymerization characteristics were maintained. Propagation proceeded at the same rate, regardless of 
the amount of initiator present (Figure 4.4a) The kinetics also indicated that the excess initiator was not 
observed to lead to kinetically competitive termination events. Additionally, the linear relationship 
between conversion and molecular weight was maintained in all samples (Figure 4.4b). In line with the 
characteristics expected from a rapid chain transfer polymerization, a few overall trends were observed. 
First, the rate of consumption of lactide early on, during initiation, increased with increasing equiv. of 
neopentanol, indicating the direct involvement of the initiator in the reaction. Second, the molecular 
Figure 4.3. Scheme for the polymerization of lactide with one growing polymer chain using 4.1 and 
two growing polymer chains using 4.2.  
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weights observed decreased predictably with increasing equivalents of initiator. This behavior 
demonstrated that 4.2 was capable of the rapid chain transfer polymerization of lactide.  
 
 As discussed previously, the ability to use rapid chain transfer conditions has a number of 
benefits. Among these are the ability to lower loadings of the catalyst and additives as well as tune the 
dispersity of the polymer through controlled addition of the initiator.1 These benefits arise from the fact 
that under rapid chain transfer conditions, while excess initiator constantly undergoes chain transfer at 
the metal center, the system still maintains all of its living characteristics. However, it is important to 
note that in the further examination of the kinetics presented in Figure 4.4, one uncommon feature was 
observed. The polymerization of lactide by 4.2 no longer displays a first-order dependence on the 
Figure 4.4. Reaction for the polymerization of lactide in the presence of excess initiator. (a.) 
Percent conversion of lactide vs. time with varying equiv. of initiator, and (b.) Mn vs. percent 
conversion of lactide with varying equiv. of initiator. 
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concentration of lactide in solution. Generally, under ideal conditions for rapid chain transfer 
polymerization to occur, the rate of chain transfer is much greater than that of propagation. Yet, the 
experimental observations here have suggested that the coordination and insertion of lactide is no longer 
the rate determining step, pointing to the rate of chain transfer being close to that of propagation.  
 
4.3 Exploring the Rapid Chain Transfer Polymerization Character of Iron(III) Complexes  
 Since publishing on the living polymerization of lactide by 4.1 and 4.2, a number of discoveries 
were made to expand the catalyst’s reactivity, allowing us to build greater complexity into polymer 
networks. Taking advantage of the redox-switchable nature of this family of iron catalysts, we were able 
to show that the oxidized complexes were active for the polymerization of epoxides. This provided 
access to block copolymers of lactide and cyclohexene oxide (Figure 4.2).28  
These copolymers, ideally composed of alternating crystalline and amorphous regions, could 
allow for the facile tuning of the thermal and mechanical properties of PLA. The system, however, is not 
perfect, possessing certain limitations that may prevent application at the industrial scale. First, the 
polymerization of epoxides does not demonstrate the same living characteristics as the polymerization of 
lactide. Low temperature kinetic studies performed by Kayla Delle Chiaie and Miao Qi have 
demonstrated that the reaction is likely second order in epoxide and first order in catalyst.30 Further 
analysis of their results has revealed that the reaction displays both an induction period and loss of 
second-order kinetic behavior as the monomer approaches high conversion. The sequential addition of 
monomer to the reaction was observed to revive the second-order kinetics, suggesting that at high 
conversions of epoxide, polyether is capable of inhibiting propagation. While efforts to gain better 
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control over the polymerization of epoxides using 4.1 and 4.2 are ongoing, the existing kinetic landscape 
has inhibited precise control over polyether molecular weight and prevented the study of extended, 
multi-block copolymers.  
Another problem associated with the current reaction relates less to the mechanism for 
polymerization, focusing instead on the value of the material produced. In industry, a desirable virgin 
polymer is one that possess little to no coloration without the need for purification. The redox-
switchable polymerization of lactide and epoxides described here relies on the use of purple catalysts, 4.1 
and 4.2, as well as brightly colored additives like FcBArF and CoCp2. This has led to the consistent 
staining of isolated polymers. It was envisioned that the rapid chain transfer block copolymerization of 
lactide and cyclohexene oxide could help to address this coloration issue, but to this point, no efforts 
have been aimed at investigating the capability of the iron(III) complexes to engage in rapid chain 
transfer polymerizations.  
To probe the behavior of the cationic iron(III) catalyst, 4.3 (Figure 4.5), it was necessary to 
demonstrate that an excess of initiator would have a controlled effect on the molecular weight of the 
resulting polymer, despite the polymerization lacking strict living characteristics. The pre-initiation of 
4.2 with 6 equiv. of lactide before oxidation with FcBArF to isolate 4.3 was necessary, as the more direct 
oxidation of 4.2 has been observed to yield impurities that are harmful to the polymerization reactions, 
but that may not be observable by 1H NMR spectroscopic characterization.  The isolated epoxide 
polymerization preacatalyst, 4.3, was exposed to 600 equiv. of cyclohexene oxide while varying the 
amount of excess initiator present. Within minutes, all of the reactions had reached near full conversion 
of epoxide. As the loading of initiator was increased a decrease in molecular weight of the resulting 
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polymers was observed, though this trend was not as well controlled as the previous rapid chain transfer 
polymerizations of lactide, as evidenced by the comparison to the predicted molecular weights in Figure 
4.5.  Similar behavior had been noted previously, where the molecular weight of poly(cyclohexene 
oxide) (PCHO) could be altered by changing the concentration of monomer in solution. Under both 
sets of conditions, the dispersity of the polymer remains broad (Mw/Mn ~ 2). Narrowing of the polymer 
dispersities has only ever been observed at high temperature.  
 
 
Figure 4.5. Screening of molecular weight of polyether resulting from the polymerization of 
cyclohexene oxide by 4.3 as a function of the total equiv. of initiator (x + 2). The predicted Mn is 
based on the assumption that every equiv. of initiator present will result in a growing polymer chain. 
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Given the rapid kinetics of the epoxide polymerization, the difference between 2 and 20 total 
equivalents of initiator was probed again, this time using a catalyst to monomer ratio of 1 : 6000 (Figure 
4.6).  Here, rapid conversion of the epoxide occurred over 10 min, with the kinetics of the reaction 
appearing nearly identical, regardless of the amount of initiator present (Figure 4.6a). This was in 
distinct contrast to the behavior of the polymerization of lactide using excess neopentanol. While the 
behavior of the lactide polymerization reaction was ascribed to the rate of chain transfer being 
competitive with that of initiation and propagation, the results obtained for the polymerization of 
epoxide indicate a return to idealized rapid chain transfer kinetics, where the rate of chain transfer is 
significantly faster than initiation or propagation. This change in behavior correlates with the increased 
acidity of the iron(III) catalyst, 4.3, which results in deactivation of the neopentoxide nucleophile, 
slowing the rates of initiation and propagation relative to chain transfer. 
 
 
Figure 4.6. Observed kinetics (a) and molecular weight and dispersity (b) of polyether over time 
resulting from the polymerization of cyclohexene oxide by 4.3 by 2 and 20 total equiv. of initiator. 
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Analysis of the resulting polymer from these reactions showed that the molecular weight of the 
polyether grew rapidly in the first 30 seconds, but then slowly eroded over the course of the reaction 
(Figure 4.6b). In both reactions, the observed molecular weight dropped by 35% from 30 s to 1 min. 
Rapid formation of high molecular weight polymer at low conversions is typical of non-living chain 
growth polymerization reactions.31 However, a drop in molecular weight of the polymer over time is not. 
This behavior may correlate with the observed increase in dispersity over time, broadening from Mw/Mn 
= 1.5 at 30 s to Mw/Mn = 2.2 at 10 min.  The increase in dispersity was accompanied by an increasing tail 
toward lower molecular weights, lowering the overall average molecular weight of the resulting polymer. 
Despite the evident lack of fine control over the epoxide polymerization, the marked drop in the 
molecular weight of the polyether produced using 2 equiv. of initiator vs. 20 equiv demonstrated that it 




 The work presented here has demonstrated the rapid chain transfer polymerization of lactide by 
4.2 and the ability to modulate molecular weight in the polymerization of cyclohexene oxide by 4.3. 
Rapid chain transfer behavior was only observed using neopentanol as an initiator. This was attributed 
to the increased nucleophilicity of aliphatic alcohols compared to aromatic alcohols like 4-
methoxyphenol, speeding up the rate of initiation of new polymer chains. The rapid chain transfer 
polymerization conditions were also applied to the polymerization of cyclohexene oxide by the oxidized 
complex 4.3. Here, control over the 4 weight of the resulting polymer was observed by varying the 
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equivalents of initiator, but the reaction did not display living characteristics. The ability to influence 
molecular weight of the polyether produced through monomer concentration as well as the 
concentration of initiator provides a new tool with which to tune the reactivity of polymerization 
reactions carried out by this family of redox-switchable iron catalysts. Potentially, this behavior may be 
utilized to produce copolymers identical to those produced under previously reported living 
conditions.28 Most importantly, the level of control observed in the homopolymerization of cyclohexene 
oxide suggests that improvements made to the single-site, living polymerization reaction in the future 
may be directly applied to the rapid chain transfer reaction conditions, as well. Overall, the observed 
rapid chain transfer behavior allows for decreased loadings of catalyst and additives, saving cost in terms 
of the reagents used as well as in the purification of resulting polymer, as the materials isolated would be 
less stained by brightly colored impurities (Figure 4.7). 
Figure 4.7. Reaction solutions resulting from the onepot copolymerization of lactide and 
cyclohexene oxide using (A.) 2.0 mol% of 4.2 and 2.0 mol% of FcBArF, and (B.) 0.2 mol% of 4.2 and 




General Methods. Unless stated otherwise, all reactions were carried out in oven-dried glassware in a 
nitrogen-filled glove box or using standard Schlenk line techniques.32 All solvents for polymerization 
were purchased from Fisher Scientific and was used after passage through a solvent purification system 
under a blanket of argon and then degassed briefly by exposure to vacuum.  They were then stored over 
4 Å molecular sieves. L-lactide was purchased from Nature Works LLC., and used after recrystallization 
from ethyl acetate and then toluene. Neopentanol was purchased from Sigma Aldrich and purified by 
passing the solubilized material through a pad of alumina in a glovebox under N2 and then lyophilizing 
from benzene. Cyclohexene oxide was purchased from Acros Organics and dried over CaH2 before 
being distilled. The distilled cyclohexene oxide was brought into a glovebox under N2 and passed 
through a plug of alumina. Deuterated solvents were obtained from Cambridge Isotopes Laboratories 
and used without further purification. NMR spectra were recorded at room temperature on Varian 
spectrometers operating at 400, 500, or 600 MHz for 1H and 13C NMR. Gel permeation 
chromatography of all polymers were analyzed on an Agilent GPC220 in THF at 40 °C with three PL gel 
columns (10μm) in series and recorded with a refractive index detector relative to polystyrene standards 
(3 kDa – 120 kDa) using M/H K= 14.100*10-5 dL/g and α= 0.700.  
 Complexes 4.1 and 4.2 were synthesized according to previously published protocols.27,33  
Synthesis of 4.3. 4.2 (23.6 mg, 39.7 umol) and rac-lactide (34.4 mg, 238 umol, 6 equiv.) were 
combined in toluene (5 mL) and stirred for 10 minutes. Separately, FcBArF (41.6 mg, 39.7 umol, 1 
equiv.) was dissolved in a minimal amount of CH2Cl2 and then added to the solution of 4.2 and rac-
lactide. The solution immediately changed to a greenish color, at which point the solvent was removed. 
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The resulting greenish-brown solid was washed with pentane and decanted several times, until the 
decanted liquid was no longer yellow in color. The solid was dried again under vacuum to yield 4.3 as a 
light green, flaky solid in near quantitative yields. 1H NMR (600 MHz, Benzene-d6) δ 119.99, 106.99, 
86.48, 73.21, 8.07 (J = 1476.8, 469.5 Hz), 4.93 (d, J = 1086.7 Hz, 1H), 1.63 (d, J = 466.9 Hz, 3H), -
37.77. IR(neat): 3856 (w), 3744 (w), 2360 (w), 2336 (w), 1756 (s), 1354 (s), 1275 (s), 1187 (s), 1125 
(s), 1091 (s), 764 (m), 672 (s), 624 (m), 580 (m) cm-1. 
Rapid chain transfer Polymerization of Lactide. 4.2 (0.84 mg, 1.39 umol) was dissolved in toluene (1 
mL). Separately, L-lactide (0.1 g, 0.70 mmol, 500 equiv.) was combined with the desired equivalents of 
neopentanol as a chain transfer reagent. The solids were then dissolved in toluene (9 mL) and stirred 
until a homogeneous solution was obtained. The solution of 4.2 was then added to the mixture of 
monomer and initiator while stirring. Time points were collected and immediately quenched with 
benzoic acid. Conversion of lactide was determined by 1H NMR, integrating the methine proton signal 
of the repeat unit of PLA (δ  5.16 ppm) against the methine proton signal of the unreacted lactide (δ  
5.02 ppm). The Mn of the samples was determined by GPC. 1H NMR (500 MHz, Chloroform-d) δ 5.16 
(q, J = 7.0 Hz, 1H), 4.36 (d, J = 8.0 Hz,), 4.12 (q, J = 7.6 Hz,), 1.58 (d, J = 7.1 Hz, 3H), 1.50 (t, J = 6.6 
Hz), 1.45 (d, J = 7.5 Hz). 
Rapid chain transfer Polymerization of Cyclohexene Oxide. 4.3 (2.0 mg, 0.861 umol) was dissolved 
in dichloromethane (1 mL). Separately, cyclohexene oxide (0.507 g, 5.17 mmol, 6000 equiv.) was 
combined with the desired equivalents of neopentanol as a chain transfer reagent. The solids were then 
dissolved in dichloromethane (19 mL) and stirred until a homogeneous solution was obtained. The 
solution of 3 was then added to the mixture of monomer and initiator while stirring. Time points were 
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collected and immediately quenched with CoCp2 before analysis by 1H NMR and GPC. For 1H NMR 
analysis, the aliquots were diluted with CDCl3 and characterized without any further purification. No 
solvent was removed due to the volatility of the cyclohexene oxide monomer. Conversion of epoxide was 
determined by 1H NMR, integrating the signal of the methine protons of the repeat unit of the polyether 
(δ  3.39 ppm) against the signal of the methine protons of the unreacted cyclohexene oxide (δ  3.10 
ppm). 1H NMR (400 MHz, Chloroform-d) δ 3.39 (b, 2H), 1.91 (m, 1H), 1.79 (m, 1H), 1.57 (s, 2H), 
1.37 (m, 1H), 1.23 (m, 3H). 
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Chapter 5: Utilizing Chemoselective, Redox-Switchable Iron Catalysts for the 
Controlled Synthesis of Branched PLA 
 
5.1 Introduction 
 The world currently produces nearly 350 million metric tons of plastic every year.1 Found in 
everything from medical supplies to clothes and toys,2 the vast majority of plastic products are produced 
from α-olefins. Polyethylene (PE) and polypropylene (PP), alone, make up more than 50% of the 
world’s plastic products.3–5 With growing interest in materials that are both bio-based and biodegradable, 
poly(lactic acid) (PLA) has grown in popularity as an alternative to poly(olefin)s, but currently, less 
than 1 million metric tons of this polymer is produced annually.6 Limited adoption of materials derived 
from PLA has been attributed to known thermorheological limitations. 
Industrially, PLA is most commonly synthesized from the ring-opening polymerization of L-
lactide, producing isotactic poly(L-lactic acid) (PLLA). PLLA is a rigid, crystalline material, good for 
applications like disposable cutlery, but inappropriate for applications like films and packaging that 
require flexibility.7,8 The crystalline nature of PLLA has also led to concerns over the processability of the 
material, where mould deposits are a frequent issue.9  Others in the community have pointed to the low 
glass transition temperature (Tg) of PLLA (~ 60 oC) as a major limitation, preventing its use in 
applications like coffee cups, which rapidly deform on contact with hot liquids. Unlike PE and PP, the 
most common approach to tuning the properties of a polymer like PLLA, namely the use of additives, is 





Over the last two decades, a number of alternative strategies have been explored to address the 
thermorheological limitations of PLLA. One common approach involves the incorporation of 
functionality with complementary thermal and physical properties through the formation of covalent 
bonds between the two materials. Many systems have been reported for the formation of copolymers of 
lactide with lactones,11–16 epoxides,17–27,28,29  and carbonates30,31 to create a range of these specialized 
materials. Another approach explores how modifying the architecture of PLLA effects the polymer’s 
properties. In particular, branching architectures have been of great interest as branches lead to reduced 
entanglement of the polymer chains, often accompanied by a softening of the material. While the study 




of branched PLLA has seen considerable interest in the literature (Scheme 5.1), the majority of these 
systems employ multi-site initiators, resulting predominately in star-shaped polymers with only a single 
branching point.32,33  
Examples of systems amenable to tuning of the branched architecture of PLLA are 
comparatively rare and may be divided into two general categories: those that produce dendritic PLA 
and those that produce hyperbranched PLA. Dendritic PLA may be synthesized through the use of a 
multi-site initiator, mimicking the synthesis and properties of star-shaped PLA.34,35 Here, to increase 
branching density, the product is isolated and the alcohol end groups of each of the arms of the star-
shaped polymer are functionalized using a carboxylic acid possessing multiple protected alcohols, like 
benzylidene protected 2,2-bis(hydroxymethyl) propionic acid (bis-MPA).34 Upon subsequent 
deprotection of the alcohols, the star-shaped PLA may now serve as a macroinitiator for the continued 
polymerization of lactide. Polymers resulting from the second polymerization of lactide would now 
contain twice the number of arms or branches. This process may be repeated ad naseam to obtain the 
desired degree of branching and molecular weights with an unparalleled level of control. While slight 
variations on this protocol have been reported to increase the efficiency of the overall reaction,36–38 
dendritic polymerizations are characteristically time-intensive and require the isolation of the polymer 
between every branch-growing step. These features make scaling the dendritic polymerization of lactide 
to produce megatons of polymer challenging.  
As an alternative, hyperbranched PLA may be synthesized from the use of multi-functional 
initiators like epoxy-ol’s. Here, the reaction is capable of being performed under industrially preferable 
conditions in the melt. The harsher conditions allow for activation of the more stable functional group. 
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For example, when using epoxy-ol initiators like glycidol, high temperatures encourage the ring opening 
polymerization of the epoxide, leading to the formation of branching points over the course of the 
polymerization.39 However, these reactions lack a means for tempering reactivity. If the conditions are 
not harsh enough to activate both functional groups, only linear PLA results. Meanwhile, when both 
functionalities are activated, the length of the branches, the branching density, and the distance between 
branches may only be controlled by the initial ratio of monomer to initiator and the relative reactivity of 
the two functional groups. Similar reactions have been reported using other initiators like bis-MPA and 
mevalonolactone to the same effect.38,40   
While the synthesis of branched architectures of PLA has garnered much attention, the 
characterization of the thermorheological properties of the resulting materials is limited. What little is 
known has shown hyperbranched PLLA to possess a greater extensional viscosity than either linear or 
star-shaped PLLA. Hyperbranched, star-shaped, and comb-like architectures of PLLA all exhibit marked 
strain-hardening, as opposed to linear PLLA, which fails shortly after extensional viscosity plateaus.41 
This strain-hardening behavior suggests that materials made from branched PLLA would demonstrate 
increased ductility and toughness, helping to address challenges related to the processability and 
brittleness of linear PLLA. 
Despite the promise shown for these branched architectures of PLLA, a system has yet to be 
developed that is capable of the same level of control as the dendritic polymerization systems while 
maintaining the level of simplicity and scalability inherent to the hyperbranched polymerizations. 
Herein is described the development of a facile, one-pot reaction for the controlled incorporation of 




Previous work from the Byers group has detailed a family of redox-switchable catalysts for the 
polymerization of lactide and epoxides (Figure 5.1, 5.2a-b and 5.3a-b).27,42 In these reactions, when 
either 5.2a or 5.2b was oxidized, the polymerization of lactide was shut down completely, but when 
reduced the same reactivity returned.42 Inverse behavior was observed for epoxides, where 
polymerization was observed using 5.3b, while the monomer remained untouched by 5.2b. This redox-
based chemoselectivity has already been extended to the production of block co-polymers and cross-
linked materials (Scheme 5.2, top).19,27 
 
 
Figure 5.1. Redox-switchable iron alkoxide complexes 
Scheme 5.2. Diversity of polymer structures available from the redox-switchable polymerization of 
lactide and epoxides 
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Seeking to further leverage the redox-switchable behavior of this family of iron catalysts, a 
reaction was designed in which epoxy-ol’s could serve as analogues to aliphatic alkoxide initiators (e.g. 
5.2a and 5.3a) for the selective polymerization of PLA (Scheme 5.2, bottom). It was anticipated that the 
epoxide end groups would remain untouched until the system was oxidized. After oxidizing the catalyst, 
the epoxide end groups would insert into the growing end of different polymer chains, creating unique 
branching points. Subsequent reduction of the catalyst would lead to continued growth of PLA at these 
branching points yielding branched PLA. Architectural features such as branch length and branching 
density could be controlled not just using the initial ratio of catalyst, monomer, and initiator, but also 
temporally, through the carefully timed oxidation and reduction of the catalyst. 
 
5.2 Synthesis of Linear PLA using an Epoxy-1-ol Initiator 
Complex 5.2c (Figure 5.1) was targeted as the precatalyst for generating branched PLA. 
Glycidol was a logical choice as an initiator for the polymerization reaction given the ready availability of 
the alcohol, as well as the precedence for its use in the formation of hyperbranched PLA.39 However, the 
isolation of 5.2c was not achieved. Under the same conditions by which 5.2a and 5.2b have been 
previously synthesized, none of the desired complex was observed. Instead, a dark, insoluble material 
precipitated out of solution, accompanying a change in the color of the solution from bright purple to 
yellow. The resulting yellow solution was observed to contain free ligand by 1H NMR, suggesting that 
binding of glycidol resulted in dissociation of the ligand and the formation of aggregates (Figure 5.2, A). 
Larger epoxy-ol’s like 9,10-epoxydecan-1-ol and 2-methyl-2,3-epoxypropan-1-ol showed similar results. 
The use of a more strongly interacting solvent (i.e. dichloromethane) likewise resulted in the 
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degradation of 5.1, though a small amount of blue solid was also collected. The blue side product was 
recrystallized from toluene and characterized as the dichloride, 5.4, by X-ray crystallography (Figure 5.2, 
B). 
 
In previous screenings of the reactivity of 5.2a and 5.2b, in situ generation of the precatalytic 
species could be achieved without hindering the reactivity of the system.42 Bearing that in mind, a 
Figure 5.2. Attempted synthesis of 5.2c in (A) benzene and (B) dichloro-methane. (C) Observed 
reactivity for the in situ formation of 5.2c in the presence of excess lactide. Reaction kinetics are 




protocol was envisioned for the in situ generation of 5.2c in the presence of an excess of lactide. It was 
hypothesized that the rapid ring-opening of lactide would be able to out-compete the deleterious side 
reaction between glycidol and 5.1. Experimentally, when 5.1 was combined with rac-glycidol in the 
presence of rac-lactide in toluene, the polymerization of lactide was observed. Further, the solution 
maintained its characteristic purple color and no precipitate was observed, suggesting that the 
bis(imino)pyridine ligand remained bound to the metal center.  
Further verification for the formation of 5.2c was obtained by analyzing the behavior of the 
lactide polymerization reaction (Figure 5.2, C).  Kinetic tracking combined with gel-permeation 
chromatographic (GPC) and 1H NMR characterization of the resulting polymer was used to probe 
whether this system possessed the same living characteristics observed when 5.2a and 5.2b were 
employed. The reaction displayed well-behaved, first-order kinetics in the consumption of lactide 
(Figure 5.2, C top). Additionally, a linear relationship between the number-average molecular weight 
(Mn) of the polymer and conversion of monomer was observed (Figure 5.5.2, C bottom). This behavior 
paralleled previous observations,42 indicating the successful generation of 5.2c in solution, without 
significant deleterious side reactions. 
With the eventual goal of observing the changes in the thermorheological properties of PLA 
isolated from these branching reactions, as well as probing the polymer microstructure, studies 
transitioned to using L-lactide and S-glycidol exclusively. This combination was chosen to minimize the 
number of distinct linkages formed at the end of the linear PLA chain, as well as upon the ring opening 
of the epoxide, greatly simplifying NMR analysis. Furthermore, the thermal properties of PLLA have 
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been well documented,8 so, the choice of L-lactide provided a better handle for thermal characterization 
of the resulting polymers by Differential Scanning Calorimetry (DSC).  
Despite prior examples of glycidol serving as an initiator to generate linear PLLA,43 little work 
had been done to characterize the microstructure of this material. Hence, the polymer obtained from the 
polymerization of L-lactide had to be fully characterized by 1H and 13C NMR. End group analysis 
revealed that the S-glycidol epoxide unit remains intact, with no sign of ring-opened byproducts. Further 
characterization using the heteronuclear single quantum coherence (HSQC) NMR technique allowed 
for full assignment of both polymer end groups (Figure 5.3). 
 
 
Figure 5.3. HSQC NMR of linear PLLA capped with S-glycidol. The proton signals from the repeat 




5.3 Conversion of Epoxide to Generate Branching Linkages 
Having demonstrated that 5.2c could be generated in situ, and that it was active for the living 
polymerization of lactide while maintaining the fidelity of the epoxide end groups, the effects of 
oxidizing the catalyst were explored. After polymerizing lactide, ferrocenium hexafluorophosphate 
(FcPF6) was added to the solution to oxidize 5.2c. After 30 minutes, no change in the polymer was 
observed by GPC, and analysis of the isolated material by differential scanning calorimetry (DSC) 
showed thermal properties expected of low molecular weight, linear PLLA (Figure 5.4).8 Specifically, the 
trace from the heating cycle displayed a glass transition temperature (Tg) 53oC, as well as a 
crystallization peak (Tc) at 114oC, and a melting point (Tm) at 144oC. The trace from the cooling cycle 
showed only a Tg feature at 47oC. 
 
 
Figure 5.4. DSC analysis of PLLA after oxidation using FcPF6. Heating cycle show in red and 




In order to drive the conversion of the epoxide end groups, a few alterations were made to the 
standard reactions conditions. A number of recent studies on polymerization reactions catalyzed by 
cationic metal complexes suggested that non-coordinating counter anions would be necessary in order 
to reach high conversions of epoxide efficiently with good control.26,44,45  As a result, ferrocenium 
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate  (FcBArF) was chosen as the oxidant over FcPF6. Studies 
into the polymerization of epoxides by 5.3b revealed that concentration also has a marked effect on the 
rate of reaction,27 so, the reactions were performed near saturation in a 0.8 M solution of lactide. To 
operate at these high concentrations, dichloromethane was chosen as the solvent due to the increased 
solubility of both lactide and oxidant compared with toluene. Last, to allow for more detailed thermal 
characterization of the resulting polymer, the catalyst loading was lowered from 2 mol% to 0.5 mol%, 
raising the final molecular weight above the critical entanglement molecular weight of PLLA.  
Even under these optimized conditions, after the introduction of FcBArF, no significant change 
was immediately observed in the resulting polymer by GPC.  The reaction was left to stir for 24 h, but 
only a small shoulder to higher molecular weight was observed. However, after 36 h, the high molecular 
weight material contributed to > 50% of the polymer observed. The solution also became notably more 
viscous. The abundance of the high molecular weight polymer continued to increase through 60 h, when 




The isolated product mixture contained 79% high molecular weight material (72.4 kDa, Mw/Mn 
= 1.56) with the remaining, low molecular weight material assigned to linear PLLA (13.7, Mw/Mn = 
5.15) (Figure 5.6). Analysis of the resulting polymer by 13C NMR showed a disappearance of the signals 
assigned to the glycidol end group (Figure 5.7, A and B).   
 
 
Figure 5.5. Conversion of low Mn, linear PLLA into higher Mn material over the course of 60 h after 
the oxidation of 5.2c.  
Figure 5.6. GPC traces of PLLA isolated before introduction of FcBArF (dashed, red line) and 60 h 
after oxidation (solid, black line). 
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The assignment of new resonances correlating to insertion of an epoxide into the growing 
polymer chain proved challenging. Due to the high molecular weight of the polymer, cross peaks for the 
branching linkages could not be observed by HSQC NMR. Lowering the molecular weight was 
considered as a means to address this. However, there was no way to guarantee that the architecture 
characterized for oligomeric PLLA would be similar to that of higher molecular weight PLLA.  
 
When synthesized as shown in Scheme 5.2, chain length is likely to influence the architecture of 
the polymer being produced. For shorter chain lengths, it would become more likely for the epoxide end 
group to back-bite on the same iron center it is tethered to, creating cyclic PLA. Conversely, longer 
chains encourage the ring-opening reaction to occur at other iron-centers in solution, though at high 
conversion of epoxide, back-biting events may again become favorable.   
Characterization of the isolated polymer was further complicated by a significant degree of 
signal overlap in the 1H NMR (Figure 5.8), similar to the complexity observed for other branched 
Figure 5.7. 13C NMR of linear, S-glycidol-capped PLLA (orange line, top) and branched PLLA 60 h. 
after the addition of FcBArF (red line, middle) using 5.1 as a precatalyst. Also shown is the 13C NMR 
of hyperbranched PLLA generated from the one pot reaction of L-lactide, S-glycidol, and tin(II) 
octoate in the melt for 24 h. (purple line, bottom). (*) Denotes solvent impurities. 
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architectures. Though, it should be noted that the overall ‘fingerprint’ of the polymer microstructure 
better compares to that of hyperbranched or comb-like PLLA, as both star-shaped and linear PLLA 
demonstrate simpler splitting patterns with no overlapping signals resulting from a more uniform 
microstructure.41 
 
To gain more insight into the peaks observed, comparisons were drawn to other well-
characterized microstructures. In the homopolymerization of glycidol, new signals in the 13C NMR 
spectrum are observed in the range of 60-80 ppm.46  Here, opening of glycidol in the more substituted 
position leads to the formation of a primary alcohol with a characteristic resonance around 81 ppm. The 
lack of 1o or 2o carbon signals downfield of 71 ppm observed for the isolated branched PLLA suggested 
that ring opening occurred preferentially at the less-substituted position of the glycidol end group. 
Similarly, in the homopolymerization of glycidol, when one equivalent of the ring-opened epoxide 
attacks another glycidol monomer to form a dendritic linkage, a characteristic resonance around 80 ppm 
has been observed. The absence of such signals after oxidation of 5.2c suggested a minimal number of 
Figure 5.8. 1H NMR spectrum of microstructure of branched PLLA synthesized in a 0.8 M solution 
of L-lactide 60 h post oxidation. 
135 
 
sequential epoxide insertions at a single iron center during the oxidation step of the branching reaction. 
While the possibility that the new resonances were coincident with the resonance of CDCl3 could not be 
ruled out, other 13C signals expected from the formation of a 1o alcohol (~ 63 ppm) or dendrimers (~ 73 
ppm) were also not observed. Unfortunately, many of the diagnostic resonances for the other potential 
microstructures are expected to overlap significantly with the resonance from the methine carbon of the 
repeat unit of PLLA, obscuring further interpretation of this region of the spectrum. 
For comparison, hyperbranched PLLA was synthesized from the combination of L-lactide, S-
glycidol, and tin(II) octoate in the melt, as reported by Knauss and coworkers.39 Analysis of the isolated 
material by 13C NMR showed a similar disappearance of the signals assigned to the glycidol end group 
(Figure 5.7, B vs. C). The two spectra were not identical, however. Two new resonances at 62 ppm and 
72 ppm were observed. Knauss and coworkers found that their reaction conditions resulted in the 
formation of three-armed star-like PLLA, on average. Furthermore, their studies indicated that the 
relative reactivities of lactide and glycidol were so disparate that most of the lactide was converted to 
PLLA before the majority of the epoxide end groups began to react. Under those conditions, generating 
a three-armed architecture would require that one ring-opened epoxide attacked the epoxide end group 
of another polymer chain. This distinct linkage would be similar to the aforementioned dendrimer 
linkage observed for homo-poly(glycidol).46 The new resonances observed at 62 and 72 ppm were 
attributed to this specific microstructure, providing further evidence for the lack of sequential insertions 
of epoxide when 5.2c was employed as the catalyst for the polymerization.  
While more thorough interpretations of branched polymer microstructures are commonplace in 
the characterization of commodity polymeric materials derived from polyethylene and polypropylene,47 
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such characterization of the microstructure of branched PLA are rare and represent an underdeveloped 
area of research in the field.33–35 As a result, further interpretation of the microstructure observed for 
branched PLA resulting from the use of precatalyst 5.1 was not pursued in the course of this 
investigation.  
As another means to characterize the branched PLLA isolated using precatalyst 5.1, the thermal 
properties of the polymer were investigated using DSC. Compared to the profile typically observed for 
linear PLLA, a few distinct changes were observed (Figure 5.9). Most striking was the disappearance of 
the Tc feature on the heating cycle and the appearance of a corresponding Tc feature during the cooling 
cycle. Typically, a Tc is not observed during the cooling of linear PLLA at a scan rate of 10 oC/min so 
long as the material has been heated above its melting point. However, work from Lafleur and coworkers 
illustrated that branched PLLA does possess this distinct thermal feature.41 Under identical conditions, 
they reported that a Tc feature upon cooling of the polymer was observed for star-shaped, comb-like, and 
hyperbranched PLLA, but not for linear PLLA. This offered further evidence for the formation of 




Another important observation was the diminished change in heat capacity associated with the 
Tg features on both of the heating and cooling cycles. Furthermore, scanning as low as -50 oC revealed 
no new Tg features. It was hypothesized that a diminished Tg could explain the observed changes to the 
Tc features. Upon heating a randomly oriented sample of PLLA above its Tg, long-range ordering of the 
polymer chains will begin to occur. As the sample heats further, approaching the Tc, enough motion 
along the backbone of the polymer becomes thermally accessible for the polymer to crystallize. Further 
Figure 5.9. DSC analysis of (A) linear PLLA and (B) PLLA 60 h after oxidation of 5.2c using 
FcBArF. Heating cycle show in red and cooling cycle in blue. One heating cycle was performed 
initially to erase the thermal history of the polymer. 
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heating results in melting of the material. Upon cooling, no crystallization may be observed so long as 
the cooling rate is sufficiently fast. When cooled to a low enough temperature, even long-range ordering 
is no longer thermally permissible, and a Tg will be observed. Alternatively, if the Tg upon heating of the 
polymer is lost, long-range ordering of the polymer chain would be inhibited, likewise hindering 
recrystallization, and resulting in disappearance of the Tc feature. In such a system, only crystallization 
from the melt would be observable. In fact, rates of crystallization from the melt have been previously 
observed to be faster for branched PLLA than for the linear polymer.48 As a result, when cooling PLLA 
rapidly from the melt, observation of a Tc feature would become more likely. Finally, a diminished Tg 
would discourage reorientation of the polymer as it continues to cool. On subsequent heating cycles, as 
the Tg upon heating is likewise diminished, observation of a Tc feature would not be expected.   
 
5.4 The Continued Polymerization of Lactide 
With evidence supporting the formation of branching linkages during oxidation, reduction of 
the catalyst for the continued polymerization of lactide was explored. Here, 5.1 was added to a solution 
containing 50 equiv. of L-lactide and 2.00 equiv. of S-glycidol. Upon observing full conversion of the 
lactide monomer by 1H NMR, the system was oxidized using FcBArF. After a predetermined period of 
time, CoCp2 was used to reduce 5.3c, and another 100 equiv. of lactide was added. To prevent gelling of 
the solution, the reactions were run under more dilute conditions with an overall lactide concentration 




Conversion of the initial 50 equiv. of lactide demonstrated living characteristics, in line with 
previous observations (Figure 5.10, A). Upon addition of FcBArF, the reaction was allowed to stir for 1 
h. During this time, less than 10 % of the epoxide was consumed, with only a minor shoulder to higher 
molecular weight observed by GPC. Upon reduction and the addition of more lactide, growth of the 
polymer continued, but with a marked change in the kinetic profile of propagation. The reaction 
proceeded for 12 h to achieve >90 % conversion of the last 100 equiv. of lactide. One possible 
explanation for this was that some of the catalyst was being deactivated during the oxidation step. 
However, when consumption of lactide was plotted against molecular weight, a linear trend through 
zero was observed, suggesting that all of the catalyst remained active during the polymerization of 
lactide, post reduction (Figure 5.10, B). Furthermore, polymer dispersities remained narrow, indicating 
no loss of control over the reaction.  
Figure 5.10. Analysis of L-lactide polymerization initiated by S-glycidol during the sequential 
oxidation and reduction of 5.2c. Plotted are (A) the kinet-ics of the reaction tracked by 1H NMR and 
(B) the molecular weight (filled diamonds) and dispersity (open circles) of the polymer ob-served 
by GPC vs. the consumption of lactide. 
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Two possible reasons were considered to explain the observed change in kinetic behavior. The 
first involved altering the reactivity of the catalyst. Each iron center possesses two active sites.  During 
the initial polymerization of lactide, both active sites are populated by deprotonated, 1o alcohols. 
Following the insertion of an epoxide, the active site would be converted from a 1o alcohol into a 2o 
alcohol. Furthermore, as the epoxide was initially the end group of a long polymer chain, the resulting 2o 
alcohol would possess notable steric bulk. The combined change to the steric and electronic properties 
of the active site at the metal center could reasonably be expected to alter the reactivity of the catalyst for 
the continued polymerization of lactide. However, in this instance, it would be expected that the 
observed rate of propagation would increase over time as a result of these bulky 2o alcohols being 
converted back into 1o alcohols upon initiation. The second possible explanation considered to explain 
the observed change in reactivity invoked mass transport limitations. Each epoxide insertion results in 
the formation of a new branching linkage and the inclusion of a new iron center into the macromolecular 
structure of the polymer (Scheme 5.2). Upon reduction, the increased complexity of the polymer 
network created in solution may result in diffusion-limited reactivity. This model would predict for the 
observed decrease in the rate of the reaction as lactide was consumed (Figure 5.10, A). While mass 
transport limitations may better predict for the reactivity observed, it is likely a more complex 








The polymer isolated from full conversion of 150 equiv. of lactide, following 1 h of 5.2c in the 
oxidized state, was then characterized by DSC. The thermal properties of the isolated material most 
closely resembled that of linear PLLA (Figure 5.11, A). This result was in agreement with the negligible 
conversion of epoxide observed by 1H NMR and the linear trend between consumption of lactide and 
Figure 5.11. DSC analysis of branched PLLA after sequential oxidation and reduc-tion of 1.2c and 
screening lengths of the epoxide polymerization step: (A) 1 h , (B) 2 h, and (C) 3 h. Heating cycle 
show in red and cooling cycle in blue. One heating cycle was per-formed initially to erase the thermal 
history of the polymer. 
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molecular weight of the polymer. In subsequent reactions, as the length of time the catalyst was left in 
the oxidized state was increased to 2 h and then 3 h (Figure 5.11, B and C, respectively), a gradual 
change from thermal properties indicative of linear PLLA to that of branched PLLA was observed. 
Consistent with the thermal profile observed in Figure 5.9, as the length of the epoxide polymerization 
step was extended, the Tg features of the heating and cooling cycles became noticeably less pronounced. 
Likewise, the Tc feature observed on the heating cycle disappeared while a corresponding Tc feature on 
the cooling cycle appeared.  
Notably, after the catalyst was left in the oxidized state for 1 h, considerable reduction of the 
endotherm of the Tm and the exotherm of the Tc were observed on the heating cycle (Figure 5.12). Such 
behavior suggests a reduction in the ordering of the polymer chains, which would be expected during the 
formation of branches. As the length of time the catalyst was left in the oxidized state was further 
increased, a slower increase in the endotherm of the Tm on the heating cycle and the Tc on the cooling 
cycle was observed. The observed evolving thermal properties from 1 to 3 h of oxidation suggested 
ongoing changes to the polymer macrostructure were occurring, and were attributed to an increase in 
the conversion of epoxide. Additionally, these trends suggested that increased conversion of epoxide 
resulted in a more crystalline polymer network. As discussed previously, branched PLLA architectures 
have been shown to better nucleate crystallization,48 indicating that the number of branches formed was 







While the thermal features observed after 3 h of oxidation were similar to those observed upon 
full conversion of epoxide (vide supra), no marked changes to the GPC chromatograms of the three 
polymer samples were observed when using a refractive index (RI) detector (Figure 5.13, A). Noting the 
reported difficulties with resolving branched polymers by GPC,49 multi-detector analysis was performed 
using a light scattering (LS) detector in series with the RI detector. Here, the LS detector demonstrated 
slow, but progressive growth of signal to higher molecular weight as the length of the epoxide 
polymerization step was increased (Figure 5.13, B).  
Figure 5.12. ∆H of phase changes observed by DSC plotted against the length of time the catalyst 
was left in the oxidized state. 
Figure 5.13. GPC analysis of polymers corresponding to the oxidation and subsequent reduction of 
1.2c. under the conditions shown in Figure 8. Length of oxidation varied from 1-3 h. (A) Signal 
obtained from RI Detector. (B) Signal obtained from LS Detector. 
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Despite the increased sensitivity of the LS detector, direct interpretation of branching density 
and absolute molecular weight of the polymer observed was limited by the sensitivity of GPC to changes 
in polymer architecture. Columns in GPC separate polymers based on their size in solution (i.e. their 
hydrodynamic radius). Branched polymers typically contract more than their linear counterparts of 
similar molecular weight in solution, resulting in high molecular weight branched material eluting at 
similar times to lower molecular weight linear polymer. This issue is further compounded when using an 
RI detector, which most closely measures the hydrodynamic radius of the polymer. The use of a LS 
detector offers greater sensitivity as it measures more closely the radius of gyration of the polymer. As a 
result, previous studies have illustrated the power of GPC-LS to directly measure the contraction factor 
(i.e. g) associated with different polymer architectures of known shape and size, allowing for the rapid 
determination of polymer branching density and molecular weight when screening new reactions.50 A 
similar approach has been developed based on the comparison of polymer dispersities using different 
detectors.49 However, for accurate measurements, both techniques are limited to the study of 
monomodal polymer samples of narrow dispersity, and often require high molecular weight materials. 
Due to the challenges associated with GPC analysis of non-linear polymer architectures, alternative 
techniques like interaction chromatography,51–54 rheology,55 and viscometry39,56–58 are commonly 
employed to better characterize polymer shape and size. 
 
5.5 Probing the Architecture of Branched PLLA 
To better characterize the architecture of the PLLA generated from cycling the redox-based 
reactivity of 5.2c, viscometry measurements were pursued. Materials were generated by carrying out the 
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polymerization in one pot with a fixed ratio of catalyst : monomer : initiator (1 : 150 : 2). In each 
reaction, conversion of lactide was taken to 40-50 %, and then the reaction was oxidized to react the 
epoxide for 1, 3, 12, or 24 h. Each of the four reactions was performed in duplicate where one reaction 
was quenched at the end of the oxidation step, while the second reaction was reduced and allowed to 
polymerize the remaining, unreacted lactide monomer. The viscosity of each of the samples was 
measured using an Ubbelohde viscometer at 30 oC. Each measurement was taken at least twice, and the 
average efflux time was used to calculate intrinsic viscosity. Intrinsic viscosities from single-point 
measurements have been calculated using a number of different equations.59–61 Here, the Billmeyer (eq 









The relative and specific viscosities are calculated directly from the efflux time of pure solvent, , 
and the efflux time of the dilute polymer solution, . The average intrinsic viscosity calculated from eq 
1-3 was reported. 
 Contraction factors calculated from viscosity measurements, g’, are calculated from the 
ratio of the observed intrinsic viscosity and the expected intrinsic viscosity for linear PLLA of the same 
molecular weight: 
 
where , is obtained from the Mark-Houwink relationship:39 
 
 At 30 oC, the Mark-Houwink parameters for linear PLLA are K = 1.742 ×10-4 dL/g and α 
= 0.736. Weight average molecular weights, Mw, were measured using GPC with an RI detector. 
Contraction factors have been used previously with great success in characterizing the branching 
density of star-shaped PLLA56 and have even seen some limited application to the characterization of 
hyperbranched PLLA.39  
For each of the reactions quenched at the end of the oxidation step (Table 5.1, Entries 1-4), the 
observed viscosity of the resulting polymer was close to that expected for linear PLLA of identical 
molecular weight. As a result, values of g’ were near unity. While the sample isolated after 6 h of 
oxidation exhibited some shear thickening behavior (g’ > 1.00) (Table 5.1, Entry 2) and the sample after 
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24 h of oxidation displayed some shear thinning (g’ < 1.00) (Table 5.1, Entry 4), no overall trends were 
observed.  
 
The fluctuation in values of g’ could be attributed to the continued evolution of the 
macromolecular structure of the polymer, or simply a result of error associated with the use of single-
point viscosity measurements. To determine both the precision and accuracy of the measurements in 
Table 5.1, a control was performed under identical conditions without the use of oxidants, and allowing 
for complete conversion of lactide monomer (Table 5.1, Entry 5). The observed viscosity lead to a g’ of 
1.01, indicating a high degree of precision.  Comparison of the calculated intrinsic viscosity from single-
point measurements to values reported in the literature following a more exhaustive evaluation 
molecular weight and solvent effects also showed good agreement (0.298 vs. 0.294 dL/g),62 indicating a 
Table 5.1. Measurements of polymer molecular weight, viscosity, and contraction factors of branched 
PLLA resulting from the sequential oxidation reduction of 5.2c in one-pot varying the length of time the 
catalyst remained in the oxidized state. 






















1d 3 8.2 1.17 0.13 1.00 6e 3 19.1 1.17 0.15 0.60 
2d 6 10.1 1.17 0.19 1.26 7e 6 21.2 1.21 0.28 0.96 
3d 12 9.9 1.17 0.15 1.00 8e 12 21.3 1.23 0.26 1.04 
4d 24 10.6 1.17 0.15 0.94 9e 24 23.5 1.21 0.27 0.93 
5f -- 24.3 1.43 0.30 1.01g       
a Molecular weight and dispersity measured by GPC using an RI detector. b Intrinsic viscosities calculated from single point viscosity 
measurements. cg’ calculated from measured intrinsic viscosities and predicted viscosity for linear PLLA of identical Mw. 
dRxn quenched at 
end of oxidation step. eRxn reduced at end of oxidation and allowed to react remaining lactide monomer before quenching. fPolymerization 
rxn. performed sans oxidant to generate linear PLLA. gcalculated to test accuracy of single-point viscosity measurements. 
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high degree of accuracy. The results of the control reaction supported that the fluctuations in the 
observed values of g’ were real.  
As previously discussed, the altered thermal properties of the polymer samples arising from the 
prolonged oxidation of the catalyst (Figure 5.9 and Figure 5.11) suggested non-negligible incorporation 
of epoxide into the polymer backbone, which would at least double the absolute molecular weight of the 
polymer.  To observe g’ values fluctuating near unity despite evidence of increasing epoxide conversion 
suggested that the polymer architecture being formed exhibited non-Newtonian behavior as a result of a 
more contracted arrangement in solution (i.e. a smaller hydrodynamic radius) than that of linear PLLA 
of the same absolute molecular weight. While this data is not sufficient for a more detailed analysis of the 
polymer’s precise architecture, g’ values near unity support the conclusions drawn from NMR analysis of 
the polymer (vide supra) that indicated a lack of consecutive epoxide insertions on the same polymer 
chain. Systems producing star-shaped PLA of known size and branching density were shown to have 
precise, decreasing values of g’ from 1.00, to 0.96, 0.91, 0.86, and 0.84 for linear, 3-, 4-, 5-, and 6-arm star 
PLLA, respectively.56  
For further characterization of the polymer architectures being generated, the four polymer 
samples resulting from the continued polymerization of lactide were analyzed by viscometry (Table 5.1, 
Entries 6-9). Here, a dramatic drop in g’ was observed when the reaction was reduced after 3 h. 
However, as the length of the epoxide polymerization step was extended to 6, 12, and 24 h, the observed 
values for g’ once again approached unity. This trend resembled that of comb-like polyethylene.63,64 In 
these studies, it was shown that with only a few side chains, comb-shaped polymers displayed similar 
viscosity to star-shaped polymers.  However, as the number of side chains increased, viscosities increased 
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until they were greater than that of the linear polymer. While star-shaped and hyperbranched PLLA have 
both been observed to demonstrated decreased viscosities, leading to values of g’ < 1.00,39,56 several 
studies have highlighted that comb-like and bottlebrush polymers are capable of both g’ ≥ 1 and g’ ≤ 1 
depending on several factors, including the length of the polymer backbone and side chains, the distance 
between the side chains, the overall molecular weight of the polymer, and the identity of the 
monomer.65–67 Despite encouraging evidence that the polymer being generated in this study was comb 
or brush-like in nature, exhaustive characterization of the architecture was limited by lack of an 
appropriate mathematical model, as comb-shaped homopolymers of PLLA have yet to undergo the 
same level of systematic characterization as polyethylene62 or polystyrene.67  
Additional analysis of the thermal properties of the polymers corresponding to Entries 5-8 of 
Table 5.1 enabled greater differentiation of the polymer structures being generated. All of the DSC 
traces displayed similar thermal characteristics to those previously discussed: the absence of Tg features, 
the loss of a Tc on the heating cycle, and the appearance of a Tc on the cooling cycle. However, the Tm 
feature of each of the samples presented a new trend (Figure 5.14). While the polymer resulting from 3 h 
of oxidation of the catalyst (Figure 5.14, A) showed only a single, broad Tm feature, as the length of time 
the catalyst remained in the oxidized state increased, the Tm resolved into what was clearly two different 
melting points at 163 oC and 169 oC (Figure 5.14, B and C). Leaving the catalyst in the oxidized state for 
24 h resulted in almost complete loss of the melting point at 163 oC (Figure 5.14, D). Previous 
experiments (vide supra) indicated that the lower melting point likely corresponded to linear PLLA, 
while the higher melting point was assigned to new branched architectures being generated upon the 
continued polymerization of lactide. It was hypothesized that at low conversions of epoxide, the 
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branched architecture would be a minor product, resulting in the increased miscibility of the linear and 
branched PLLA, which presented as a single melting point. With increased conversion of epoxide, 
increasing abundance of the branched architecture exhibited reduced miscibility, resulting in two 
distinctive melting points. The loss of the lower melting point feature after 24 h of oxidation suggested 
that, by this time, the majority of the linear PLLA had been incorporated into a branched architecture, 
corresponding to at least 50% conversion of all of the epoxide end groups.  
Figure 5.14. Melting point features of branched PLLA isolated from the one-pot oxidation and 
subsequent reduction of 5.2c varying the length of the epoxide polymerization: (A) 3 h, (B), 6 h, 
(C) 12 h, (D) 24 h. One heating cycle was performed to erase the thermal history of the polymer. 
151 
 
In the context of the observations noted to this point, a possible pathway for the formation of 
branched PLLA was proposed (Scheme 5.3). The addition of 5.1 to a mixture of lactide and glycidol 
resulted in the in situ formation of 5.2c and the polymerization of lactide to form linear PLLA. Upon 
oxidation, 5.3c catalyzed the ring-opening polymerization of epoxide. After one insertion of epoxide, a 
combination of steric crowding and altered electronics prevented further conversion of epoxide at that 
same iron center, as evidenced by 1H NMR spectroscopy and viscometry. Continued growth of the 
polymer chain instead occurred at one of the two chain ends, forming an extended chain of linear PLLA 
with glycerol-like linkages. These polymer chains, reminiscent of simpler telechelic polymers, are 
capable of complex arrangements in solution,68 leading to unpredictable behavior when analyzed by 
GPC and viscometry. Reduction of 5.3c back to 5.2c and the continued polymerization of lactide 
resulted in growth of the polymer at these linkages, creating side chains. As each catalyst possessed two 
growing polymer chains, the iron centers acted as a cross-linking agent, forming a complex polymer 
network in solution, and slowing the rate of the polymerization of lactide after reduction. When the 
reactions were then quenched and subsequently precipitated into methanol, the catalyst was hydrolyzed, 
















 This study highlighted the development of a new approach towards the formation of branched 
PLLA with control and scalability through the use of the redox-switchable reactivity demonstrated by 
bis(imino)pyridine-ligated iron alkoxides. Using glycidol as the initia-tor for the polymerization, a 
combination of spectroscopy, viscometry, and calorimetry provided support for the formation of comb-
shaped PLLA as the dominant architecture being generated.  
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The proposed reaction pathway suggests that fine control over the distance between side chains, 
the length of the side chains, and the total number of side chains may be possible from a single, one-pot 
reac-tion as a result of logical, temporal redox events. Implementing multi-ple redox cycles may allow for 
the formation of more complex polymer networks, providing rapid access to a range of macromolecular 
structures from a single, one-pot reaction.  
Future work in this area will be focused on exploring methods for more detailed analysis of the 
microstructure and the architecture of branched PLLA, as this remains an underdeveloped area of 
research. In parallel, efforts will be aimed at the continued investigation of the degree of control over the 
polymer architecture afforded by the use of 5.1, the effects of multiple redox-cycles on the polymer 
network formed, and the rigorous thermorheological characterization of this library of materials with the 
promise of influencing polymer toughness, ductility, and elasticity. 
 
5.7 Experimental 
General Methods. Unless stated otherwise, all reactions were carried out in oven-dried glassware in a 
nitrogen-filled glove box or using standard Schlenk line techniques.69 Solvents for polymerization 
reactions were purchased from Fisher Scientific and used after passage through a solvent purification 
system under a blanket of argon and then degassed briefly by exposure to vacuum.  Solvents were then 
stored over 4 Å molecular sieves. L- and rac-lactide was purchased from Nature Works LLC., and used 
after recrystallization from ethyl acetate and then toluene. Rac- and S-glycidol were purchased from 
Fisher scientific, fractionally distilled, discarding the first 10% of the distillate, and then passed over silica 
and alumina before being stored at -40 oC over 4 Å molecular sieves. Zinc chloride (anhydrous) and 2,6-
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diacetylpyridine were obtained from Acros Organic and Alfa Aesar, respectively. The remaining 
solvents, Glacial acetic acid, and potassium oxalate were purchased from Fisher Scientific. Deuterated 
solvents were obtained from Cambridge Isotopes Laboratories.  
Selected single crystals suitable for X-ray crystallographic analysis were used for structural 
determination. Unless otherwise stated, the X-ray intensity data were measured at 100(2) K (Oxford 
Cryostream 700) on a Bruker Kappa APEX Duo diffractometer system equipped with a sealed Mo-
target X-ray tube (λ = 0.71073 Å). The structure was solved and refined by full-matrix least squares 
procedures on |F2| using the Bruker shelxtl (version 6.12) software package.  
NMR spectra were recorded at room temperature on Varian spectrometers operating at 400, 500, or 600 
MHz.  
Gel permeation chromatography of all polymers was collected using an Agilent GPC220 in THF 
at 40 °C with three PL gel columns (10μm) in series and recorded with a refractive index detector 
relative to polystyrene standards (3–120 kDa) using M/H K= 14.100*10-5 dL/g and α= 0.700 or a dual 
light-scattering detector at 15o and 90o.  
Calorimetry was performed on a Netzsch DSC 214 Polyma. One heating ramp to 175 oC was 
performed initially to erase the thermal history of the polymers. The materials were then cycled between 
-80 oC and 175 oC two more times at a rate of 10 oC/min.  
Viscometry was performed using an Ubbelohde Viscometer, Size 0C, at 30 oC.  
Synthesis of 2,6-Bis[1-[(2,6-dimethylphenyl)imino]ethyl]pyridine. 2,6-diacetylpyridine (0.883 g, 
5.41 mmol) and zinc dichloride (0.885 g, 6.49 mmol, 1.2 equiv.) were added to round bottom flask with 
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with glacial acetic acid (50 mL). 2,6-dimethylaniline (2.4 equiv., 1.89 g, 1.92 mL, 15.6 mmol) was added 
to the reaction mixture. The solution was refluxed for 30 minutes and was allowed to cool down to room 
temperature at which time a yellow powder precipitate yellow powder. The solid was washed with 
hexanes (3 x 10 mL) to remove unreacted starting material. The solid was suspended in 
dichloromethane (50 mL), and a solution of potassium oxalate (3 equiv., 2.69 g, 16.2 mmol) in water 
(20 mL) was added. The reaction mixture was stirred for an hour. The two phases were separated, and 
the aqueous layer was washed with dichloromethane (3 x 10 mL). The organic layer was dried with 
sodium sulfate and filtered. The solvent was removed to give the free ligand as a flocculent colorless 
powder. (Yield: 1.8 g, 90 %) The purity of the ligand was verified by 1H NMR, consistent with previously 
reported results.70 1H NMR(500 MHz, CDCl3): δ 2.06 (s , 12 H , CH3Ar), 2.25 (s , 6 H , NCCH3), 6.95 
(t, 2 H , Ar H-4) , 7.09 (d  , 4 H , Ar H-3,5) , 7.92 (t , 1 H , Py H-4) , 8.49 (d, 2 H , Py H-3,5). 
Synthesis of 1.1. At room temperature in a glove box under a positive nitrogen pressure, pyridine-
solvated iron dichloride, Py2FeCl2, (0.489 g, 1.71 mmol) was weighed into a 20 mL vial and suspended 
in pentane (10 mL). In a separate vial, trimethylsilylmethyllithium (2.0 equiv., 0.323 g, 3.43 mmol) was 
weighed out and dissolved into pentane (10 mL). Both vials were cooled to -80 oC in a cold well using 
liquid nitrogen for 10 minutes. Both vials were then removed from the cold well and allowed to stand at 
room temperature until the trimethylsilylmethyllithium redissolved.  While stirring, the cold solution of 
trimethylsilylmethyllithium was then added slowly to the suspension of iron. The solution rapidly turns 
from a yellow to red, indicating formation of the desired iron alkyl compound, Py2FeTMS2. After stirring 
for 1 h, the solution is chilled for 5 min in the cold well, and then filtered through celite. The red solution 
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was concentrated down to yield a thick red oil as the final product, which was immediately carried 
forward to generate 5.1.  
The red oil, Py2FeTMS2, (0.130 g, 0.335 mmol) was weighed out into a 4 mL vial and diluted with 2 mL 
of pentane. In a separate 7 mL vial, 2,6-Bis[1-[(2,6-dimethylphenyl)imino]ethyl]pyridine (1.0 equiv., 
0.142 g, 0.335 mmol) was weighted out and a stir bar was added. While stirring, the solution of 
Py2FeTMS2 was added to the solid ligand, immediately forming a bright purple solution. The solution 
was stirred for 10 minutes and then filtered over celite. The solution was then cooled in the cold well to -
50 oC for 10 minutes. The solution was then filtered through celite again. The solution was transferred to 
a 20 mL vial and stored in a -40 oC freezer overnight to induce crystallization. The mother liquor was 
then decanted and the deep purple crystals were dried under vacuum to yield 1.1 (0.110 g, 55 % yield). 
The purity of 1.1 was verified by 1H NMR, consistent with previously reported results.71 1H NMR(500 
MHz, C6D6): δ 57.87, 23.05, 12.88, 11.64, -16.28, -147.11. 
Procedure for the attempted synthesis of 5.2c. At room temperature in a glove box under a positive 
pressure of nitrogen, 5.1 (0.100 g, 0.167 mmol) was dissolved in either C6D6 or dichloromethane (5 
mL). In a separate vial, glycidol (2.0 equiv., 0.025 g, 0.333 mmol) was weighed out and dissolved in the 
chosen solvent (5 mL).  The solution of glycidol was then added slowly to the solution of 5.1 while 
stirring. The reaction was allowed to proceed for 1 h. The solution was then filtered over celite. The 
resulting product mixture was characterized by 1H NMR in C6D6 in a J-Young NMR tube without 
exposure to air or moisture. 
Procedure for testing the in situ formation of 5.2c. At room temperature in the glove box, lactide 
(0.100 g, 0.69 mmol) was combined with glycidol (0.0225 equiv., 0.0023 g, 0.0312 mmol) in toluene (4 
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mL). Separately, 5.1 (0.02 equiv., 0.0083 g, 0.014 mmol) was weighed out and dissolved in a minimal 
amount of toluene. The solution of glycidol and lactide was stirred while the solution of 5.1 was added 
all at once.  Conversion of lactide to PLA was observed. Aliquots were removed periodically from the 
reaction and immediately quenched by exposure to benzoic acid inside the glovebox. Solvent was 
removed in vacuo and conversion of lactide was studied by 1H NMR in CDCl3, integrating the methine 
proton of the remaining lactide (δ 5.02 ppm) versus the methine proton peak of the PLA (δ 5.16 ppm). 
The aliquots were also analyzed by GPC to determine the molecular weight and molecular weight 
distribution of the polymer and by DSC to examine thermal properties. 
General procedure for the in situ formation of 5.2c and the polymerization of L-lactide using S-
glycidol. At room temperature in a glovebox under positive nitrogen pressure, L-lactide (0.100 g, 0.69 
mmol) was combined S-glycidol (0.01 equiv., 0.0005 g, 0.007 mmol) in dichloromethane (9 mL). 
Separately, 5.1 (0.005 equiv., 0.0021 g, 0.0035 mmol) was dissolved in a minimal amount of toluene. 
The solution of S-glycidol and L-lactide was stirred while the solution of 5.1 was added all at once.  
Aliquots were removed periodically from the reaction and immediately quenched by exposure to 
benzoic acid inside the glovebox. Solvent was removed in vacuo and structure and conversion was 
studied by 1H NMR in CDCl3, integrating the methine proton of the remaining lactide (δ 5.02 ppm) 
versus the methine proton peak of the PLA (δ 5.16 ppm). The aliquots were also analyzed by GPC to 
determine the molecular weight and molecular weight distribution of the polymer and by DSC to 
examine thermal properties. 
General procedure for the ring-opening incorporation of S-glycidol into linear PLLA. Following 
the previous procedure for the linear polymerization of L-lactide, FcPF6 or FcBArF (1.10 equiv. relative 
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to 5.1, 0.0038 mmol) was solubilized in a minimal amount of dichloromethane and added as a single 
aliquot to the reaction solution. An immediate color change from opaque purple to a translucent blue or 
green indicated successful oxidation using FcPF6 or FcBArF, respectively. Aliquots were removed 
periodically from the reaction and immediately quenched outside the glovebox using wet THF. Solvent 
was removed in vacuo and the microstructure investigated by 1H and 13C NMR. The aliquots were also 
analyzed by GPC to determine the molecular weight and molecular weight distribution of the polymer 
and by DSC to examine thermal properties. 
General procedure for reduction of 5.3c and the continued polymerization of lactide. Following 
the previous procedure for the ring-opening incorporation of S-glycidol upon oxidation of the catalyst, 
CoCp2 (3.00 equiv. relative to 5.1, 0.010 mmol) was dissolved in a minimal amount of dichloromethane 
and added as a single aliquot to the reaction solution. The solution underwent an immediate color 
change to brown and then olive, indicating reduction of the catalyst. Aliquots were removed periodically 
from the reaction and immediately quenched by exposure to benzoic acid inside the glovebox. Solvent 
was removed in vacuo and conversion was studied by 1H NMR, integrating the methine proton of the 
remaining lactide (δ 5.02 ppm) versus the methine proton peak of the PLA (δ 5.16 ppm). The aliquots 
were also analyzed by GPC to determine the molecular weight and molecular weight distribution of the 
polymer and by DSC to examine thermal properties. 
Optimized one-pot protocol for the synthesis of branched PLLA. At room temperature in a 
glovebox under positive nitrogen pressure, 5.1 (0.0138 g, 0.023 mmol) was dissolved in a minimal 
amount of toluene. Separately, L-lactide (30 equiv., 0.100 g, 0.69 mmol) was combined S-glycidol (2.00 
equiv., 0.0034 g, 0.046 mmol) in dichloromethane (5 mL). The solution of S-glycidol and L-lactide was 
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stirred while the solution of 5.1 was added all at once. The solution was stirred for 10 min until > 90% 
conversion of lactide was observed by 1H NMR, integrating the methine proton of the remaining lactide 
(δ 5.02 ppm) versus the methine proton peak of the PLA (δ 5.16 ppm).  The solution of catalyst was 
then added to a separate vial containing L-lactide (120 equiv., 0.400 g, 2.78 mmol) dissolved in 
dichloromethane (20 mL) while stirring. After 2 min, when 40-50 % conversion of lactide was observed 
by 1H NMR, FcBArF (1.00 equiv., 0.0241 g, 0.023 mmol) solubilized in a minimal amount of 
dichloromethane was added as a single aliquot to the reaction solution. An immediate color change from 
opaque purple to a translucent green indicated successful oxidation of the catalyst. The reaction was 
allowed to stir for a desired length of time. CoCp2 (1.00 equiv., 0.0044 g, 0.023 mmol) was then 
dissolved in a minimal amount of dichloromethane and added as a single aliquot to the reaction solution. 
The solution underwent an immediate color change to brown and then olive, indicating reduction of the 
catalyst. The reaction was allowed to stir overnight. Aliquots were removed periodically from the 
reaction and immediately quenched by exposure to benzoic acid inside the glovebox until >90 % 
conversion of lactide was observed by 1H NMR. The reaction was then quenched by exposure to THF 
outside of the glovebox, and solvent was removed in vacuo. The solid was then redissolved in a minimal 
amount of dichloromethane, and the polymer precipitated into methanol chilled in an ice bath. The 
solid was isolated by centrifugation and dried in vacuo. Samples were analyzed by GPC to determine the 
molecular weight and molecular weight distribution of the polymer, DSC to examine thermal properties, 
and by viscometry using an Ubbelohde Viscometer to investigate viscosity and contraction factors.  
Procedure for the Synthesis of Hyperbranched PLA. An oven dried, 25 mL two-neck round bottom 
flask was brought into a glovebox under positive nitrogen pressure along with a 180o adapter. L-lactide 
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(1.0 g, 6.94 mmol) was weighed out into the flask. A large Teflon-coated stir bar was added to the round 
bottom before it was sealed with the glass adapter on one neck and a rubber septum on the other, and 
brought out of the box. The flask was attached to a Schlenk line and placed under dynamic nitrogen. The 
lactide was then heated to 130oC for 30 minutes to achieve melt. Separately, two stock solutions were 
prepared: on the Schlenk line, tin(II) octoate (Sn(Oct)2) in toluene (0.061 M) and, in the glovebox, S-
glycidol in toluene (2.5 M). a portion of the tin pre-catalyst solution (0.07 mol%, 87.0 µL, 0.005 mmol) 
was drawn up into a gas-tight syringe and plugged with a rubber septum. Next, a portion of the glycidol 
solution (0.07 equiv., 200.0 µL, 0.5 mmol) was drawn up into a gas-tight syringe, plugged with a rubber 
septum, and brought out of the box. Under a flow of nitrogen, the syringe of glycidol was injected into 
the molten lactide, and the tin solution was injected immediately after. The reaction mixture was then 
stirred for 20 hours at 130 oC, producing in a white, gooey solid. The reaction was only stopped when it 
became too viscous to stir. The solid was allowed to cool to room temperature before being dissolved in 
a minimal amount of dichloromethane. The crude polymer mixture was then precipitated into methanol 
chilled in an ice bath. The solution was centrifuged down to isolate white solid PLA that could then be 
analyzed by 13C NMR. 
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Figure A.4. 1H NMR spectrum (700 MHz) of Fe(bEtpiMe)(OTf)2 in CD2Cl2 




Figure A.5. 1H NMR (600 MHz) of polyethylene obtained from the polymerization of ethylene by 2.3 
(1.4μmol), Al:Fe 500:1, 10 bar, 25 ºC. Unlabeled signals are considered impurities and do not 




Figure A.6. 13C NMR (150 MHz) of polyethylene obtained from the polymerization of ethylene by 2.3 




Figure A.7. 1H NMR (600 MHz) of polyethylene obtained from the polymerization of ethylene by 2.2a 
(1.40 μmol), Al:Fe 250:1., 10 bar, 25 ºC. Unlabeled signals are considered impurities and do not 




Figure A.8. 13C NMR (127 MHz) of ethylene obtained from the polymerization of ethylene by 2.2a 




Figure A.9. 1H NMR (600 MHz) of polyethylene obtained from the polymerization of ethylene by 2.2a 
(1.40 μmol), Al:Fe 500:1, 10 bar, 25 ºC. Unlabeled signals are considered impurities and do not 




Figure A.10. 13C NMR (150 MHz) of polyethylene obtained from the polymerization of ethylene by 





Figure A.11. 1H NMR (600 MHz) of polyethylene obtained from the polymerization of ethylene by 
2.2a (1.40 μmol), Al:Fe 1250:1, 10 bar, 25 ºC. Unlabeled signals are considered impurities and do not 




Figure A.12. 13C NMR (150 MHz) of polyethylene obtained from the polymerization of ethylene by 




Figure A.13. 1H NMR (600 MHz) of polyethylene obtained from the polymerization of ethylene by 
2.2a (1.40 μmol), Al:Fe 2500:1, 10 bar, 25 ºC. Unlabeled signals are considered impurities and do not 




Figure A.14. 13C NMR (150 MHz) of polyethylene obtained from the polymerization of ethylene by 




Figure A.15. 1H NMR (600 MHz) of polyethylene obtained from the polymerization of ethylene by 2.1 
(0.7 μmol), Al:Fe 1000:1, 10 bar, 25 ºC. Unlabeled signals are considered impurities and do not 




Figure A.16. 13C NMR (150 MHz) of polyethylene obtained from the polymerization of ethylene by 2.1 





Figure A.17. 1H NMR (600 MHz) of polyethylene obtained from the polymerization of ethylene by 
2.2b (1.40 μmol), Al:Fe 500:1, 10 bar, 25 ºC. Unlabeled signals are considered impurities and do not 




Figure A.18. 13C NMR (150 MHz) of polyethylene obtained from the polymerization of ethylene by 
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Figure A.24. Representative 1H NMR demonstrating tracking of lactide monomer conversion. Taken 




Figure A.25. Representative 1H NMR demonstrating tracking of epoxide monomer conversion. Taken 
from immortal polymerization of cyclohexene oxide, Figure 4.6, using a 20 equiv. excess of neopentanol 




Figure A.26. 1H NMR of 4.3 isolated from the polymerization of 6 equiv. of L-lactide by 4.2 followed by 




Figure A.27. 1H NMR of 4.3 isolated from the polymerization of 6 equiv. of L-lactide by 4.2 followed by 
oxidation with FcBArF. Spectra has been expanded to show paramagnetic signals. 
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Figure A.28. 1H NMR spectrum of 2,6-Bis[1-[(2,6-dimethylphenyl)imino]ethyl]pyridine collected in 





Figure A.29. 1H NMR spectrum of 1.1 collected in C6D6 on a 600 MHz NMR spectrometer. (*) 




Figure A.30. 1H NMR spectrum of product mixture from 1.1 and glycidol reacted sans lactide in C6D6 





Figure A.31. 1H NMR spectrum of product mixture from 1.1 and 9,10-epoxyundecan-1-ol reacted sans 




Figure A.32. 1H NMR spectrum of product mixture from 1.1 and 2-methyl-2,3-epoxypropan-1-ol 










Figure A.34. 1H NMR spectrum of microstructure of branched PLLA synthesized in a 0.08 M solution 
of L-lactide 72 h post oxidation. 
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Figure B.1. GPC trace of polyethylene produced by 2.3 (entry 1, Table 2.1)  
 
 Figure B.2. GPC trace of polyethylene produced by 2.2a with Al:Fe = 250 (entry 2, Table 2.1) 
 
Figure B.3. GPC trace of polyethylene produced by 2.2a with Al:Fe = 500 (entry 3, Table 2.1) 
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Figure B.4. GPC trace of polyethylene produced by 2.2a with Al:Fe = 1250 (entry 4, Table 2.1) 
Figure B.5. GPC trace of polyethylene produced by 2.2a with Al:Fe = 2500 (entry 5, Table 2.1) 




Figure B.7. GPC trace of polyethylene produced by 2.1 (entry 7, Table 2.1) 
 
Figure B.8. GPC trace of polyethylene produced by 2.2a and MMAO-3A (entry 1, Table 2.2) 
 
 






Figure B.10. GPC trace of polyethylene produced by 2.2a and MMAO-3A at 0oC (entry 3, Table 2.2) 
 
Figure B.11. GPC trace of polyethylene produced by 2.2a and MMAO-3A at 6 bar (entry 4, Table 2.2) 
 
 





Figure B.13. GPC trace of polyethylene produced by 2.2a and MMAO-3A at 2 h (entry 6, Table 2.2) 
 
Figure B.14. GPC trace of polyethylene produced by 2.2a and MMAO-3A at 9 h (entry 7, Table 2.2) 
 







Figure B.16. GPC trace of polyethylene produced by 2.2a (0.7 µmol) and MMAO-3A at 10 min (entry 









Figure B.17. GPC trace of polyethylene produced by 2.2a (0.7 µmol) and MMAO-3A at 1 h (entry 10, 
Table 2.2)  
 



























Figure B.22. GPC trace of polyethylene produced by 2.2a at 50oC (entry 5, Table S1) 
 
 
B.2 Chapter 3. 











B.3 Chapter 4. 






























Figure B.30. GPC trace of PLLA produced by 4.2 after 2 min. with 3 equiv. of excess neopentanol. 
(Figure 4.4) 
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Figure B.58. GPC analysis of polymer corresponding to Figure 5.2. Minor higher molecular weight 
fraction (dashed lines) may be observed if efficient initiation of 5.1 was not achieved. Rapid addition of 







Figure B.59. GPC trace of PLLA before the addition of FcBArF (dashed, red line), and 72 h after 




Figure B.60. GPC traces corresponding to Figure 8. Samples are shown before oxidation (solid lines), 
after addition of FcBArF (dotted lines), and after addition of CoCp2 (dashed lines). Corresponding 




Table B.1. Molecular weight and conversion data corresponding to Figure B.60. 
Entry Time (min) Equiv. Lactide 
Consumeda 
Mn,theoretical (kDa) Mn,obsb 
(kDa) 
Mw/Mnb 
1 5 35.25 2.5 2.8 1.18 
2 7 43.2 3.1 3.8 1.12 
3 10 46.35 3.3 4.2 1.18 
4 20 46.2 3.3 4.7 1.29 
5 20c 46.5 3.6 5.2 1.23 
6 40c 47.25 3.4 4.8 1.31 
7 60c 47.4 3.4 4.7 1.31 
8 5d 58.35 4.2 6.2 1.14 
9 10d 62.55 4.5 6.2 1.25 
10 20d 70.35 5.1 6.5 1.25 
11 40d 74.7 5.4 7.4 1.18 
12 60d 84.15 6.1 8.1 1.18 
13 720d 138.3 10.0 13.8 1.18 
aCalculated from 1H NMR. bMolecular weight and dispersity measured by GPC using an RI detector. 
cPost oxidation of 5.2c with FcBArF. dPost reduction of 5.3c with CoCp2 and the introduction of another 







Figure B.61. GPC traces corresponding to viscosity studies highlighted in Table 5.1, Entries 1-4. 
Samples are shown prior to oxidation (solid, red line) and after addition of FcBArF (dotted, purple line). 
 
Figure B.62. GPC traces corresponding to viscosity studies highlighted in Table 5.1, Entries 6-9. 
Samples are shown prior to oxidation (solid, red line), after addition of FcBArF (dotted, purple line), and 
after addition of CoCp2 (dashed, black line). 
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Figure C.1. DSC analysis of polyethylene produced by 2.2a with MAO (entry 3, Table 1) 
 





Figure C.3. DSC analysis of polyethylene produced by 2.1 with MAO (entry 7, Table 1) 
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Figure C.5. DSC analysis of branched PLLA corresponding to Table 5.1, Entries and 6-9 and Figure 14. 
Cycles correspond to varied oxidation length of (A) 3 h, (B) 6 h, (C) 12 h, and (D) 24 h. Heating cycle 
show in red (solid line) and cooling cycle in blue (dashed line). Unknown thermal feature observed at 0 
oC. Feature could not be ascribed to a typical Tg feature. Corresponding enthalpic data has been 






























3 100.4 165 -- 117.2 -176 -- -- 
6 100.7 164 168 112.8 -141 -101 -44 
12 100.1 163 169 108.2 -154 -114 -48 
24 97.4 160 169 85.7 -130 -28 -102 
aAnalysis performed after subsequent reduction of the catalyst and conversion of remaining lactide. All 





Figure C.6. DSC comparison of branched PLLA before (solid, red line) and after (dashed, orange line) 
reduction using CoCP2. (A) After 3 h oxidation, corresponding to Table 5.1, Entry 6. (B) After 12 h 
oxidation, corresponding to Table 5.1, Entry 8. Comparison of enthalpic characteristics has been 



























3 157 165 -- -203 -176 -176 -- 
12 160 163 169 -153 -154 -114 -48 
aAnalysis performed after subsequent reduction of the catalyst and conversion of remaining lactide. All 





Appendix D: Cartesian Coordinates for Computational Structures 
D.1 Chapter 2 
Table D.1. Cartesian coordinates for structures presented in Figure 2.9. Labels, spin states, and energies 
in Hartree units are also listed. 
87 
A1 S = 0 E = -1649.247617 
Fe   7.033   3.334   5.179 
C   8.101   2.096   6.201 
N   6.459   4.385   6.801 
N   8.109   4.796   4.940 
N   7.864   2.798   3.422 
C   7.101   5.533   6.937 
C   6.874   6.558   8.017 
C   8.735   3.680   2.962 
C   9.475   3.604   1.653 
C   8.091   5.794   5.875 
C   8.947   6.902   5.741 
C   9.808   6.967   4.626 
C   9.794   5.939   3.662 
C   8.922   4.850   3.842 
C   5.438   3.955   7.746 
C   5.775   3.518   9.058 
C   4.725   3.056   9.884 
C   3.398   3.030   9.440 
C   3.087   3.468   8.142 
C   4.091   3.934   7.274 
217 
 
C   7.202   3.493   9.627 
C   7.331   4.382  10.895 
C   7.653   2.045   9.965 
C   3.734   4.478   5.885 
C   3.601   6.027   5.914 
C   2.452   3.858   5.285 
C   7.555   1.570   2.705 
C   6.240   1.454   2.165 
C   5.890   0.260   1.509 
C   6.806  -0.799   1.396 
C   8.088  -0.671   1.943 
C   8.498   0.507   2.607 
C   5.257   2.629   2.234 
C   5.527   3.647   1.091 
C   3.774   2.197   2.213 
C   9.915   0.542   3.201 
C  11.003   0.352   2.109 
C  10.093  -0.542   4.300 
H   7.740   6.615   8.690 
H   5.993   6.321   8.616 
H   6.740   7.553   7.576 
H  10.548   3.437   1.817 
H   9.373   4.548   1.105 
H   9.097   2.795   1.025 
H   8.945   7.693   6.482 
H  10.478   7.813   4.507 
H  10.448   5.985   2.798 
H   4.955   2.714  10.889 
218 
 
H   2.610   2.672  10.097 
H   2.055   3.446   7.810 
H   7.897   3.884   8.875 
H   7.016   5.415  10.711 
H   8.372   4.397  11.242 
H   6.716   3.992  11.716 
H   7.591   1.383   9.094 
H   7.033   1.612  10.759 
H   8.692   2.045  10.319 
H   4.571   4.234   5.203 
H   4.515   6.513   6.274 
H   2.779   6.324   6.578 
H   3.382   6.414   4.911 
H   2.493   2.762   5.273 
H   2.315   4.209   4.256 
H   1.560   4.160   5.846 
H   4.898   0.148   1.084 
H   6.519  -1.715   0.887 
H   8.787  -1.499   1.856 
H   5.435   3.157   3.191 
H   6.556   4.024   1.109 
H   4.848   4.506   1.171 
H   5.360   3.174   0.115 
H  10.083   1.517   3.675 
H  10.912   1.085   1.300 
H  10.938  -0.645   1.657 
H  12.003   0.449   2.550 
H   3.553   1.451   2.986 
219 
 
H   3.493   1.775   1.241 
H   3.129   3.067   2.381 
H   9.348  -0.441   5.098 
H  11.090  -0.462   4.752 
H   9.998  -1.550   3.880 
H   8.982   1.712   5.687 
C   6.849   1.220   6.087 
H   8.351   2.421   7.210 
H   6.013   1.747   5.512 
H   6.382   0.996   7.051 
H   7.007   0.301   5.517 
 
87 
A2 S = 0 E = -1649.225859 
Fe   7.068   3.331   5.200 
C   7.147   1.374   6.141 
N   6.534   4.426   6.833 
N   8.124   4.865   4.910 
N   7.919   2.826   3.417 
C   7.130   5.600   6.917 
C   6.896   6.648   7.973 
C   8.734   3.742   2.929 
C   9.456   3.686   1.607 
C   8.080   5.880   5.817 
C   8.872   7.029   5.636 
C   9.694   7.111   4.494 
C   9.702   6.063   3.552 
C   8.891   4.938   3.787 
220 
 
C   5.548   4.015   7.826 
C   5.949   3.552   9.110 
C   4.932   3.149  10.004 
C   3.579   3.203   9.647 
C   3.208   3.652   8.369 
C   4.179   4.058   7.434 
C   7.413   3.463   9.571 
C   7.699   4.435  10.750 
C   7.800   2.022  10.003 
C   3.764   4.584   6.053 
C   3.512   6.117   6.095 
C   2.531   3.860   5.464 
C   7.659   1.592   2.683 
C   6.409   1.487   2.008 
C   6.134   0.300   1.302 
C   7.059  -0.757   1.277 
C   8.273  -0.640   1.967 
C   8.605   0.530   2.685 
C   5.409   2.651   1.998 
C   5.635   3.565   0.762 
C   3.933   2.191   2.056 
C   9.954   0.585   3.420 
C  11.148   0.565   2.425 
C  10.120  -0.588   4.425 
H   7.799   6.797   8.579 
H   6.077   6.374   8.639 
H   6.657   7.612   7.505 
H  10.542   3.648   1.760 
221 
 
H   9.244   4.591   1.023 
H   9.160   2.816   1.020 
H   8.851   7.837   6.359 
H  10.316   7.987   4.337 
H  10.322   6.125   2.665 
H   5.207   2.790  10.992 
H   2.816   2.892  10.356 
H   2.157   3.682   8.100 
H   8.066   3.740   8.734 
H   7.450   5.473  10.505 
H   8.760   4.394  11.027 
H   7.114   4.157  11.635 
H   7.601   1.284   9.218 
H   7.243   1.711  10.896 
H   8.869   1.978  10.249 
H   4.605   4.407   5.361 
H   4.391   6.668   6.451 
H   2.678   6.350   6.770 
H   3.255   6.493   5.097 
H   2.664   2.771   5.456 
H   2.360   4.191   4.432 
H   1.619   4.086   6.029 
H   5.193   0.196   0.772 
H   6.830  -1.666   0.728 
H   8.975  -1.469   1.950 
H   5.595   3.260   2.897 
H   6.656   3.964   0.727 
H   4.938   4.414   0.776 
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H   5.465   3.005  -0.166 
H  10.006   1.518   3.996 
H  11.092   1.375   1.689 
H  11.176  -0.381   1.870 
H  12.097   0.661   2.968 
H   3.752   1.509   2.896 
H   3.629   1.680   1.134 
H   3.274   3.060   2.173 
H   9.291  -0.644   5.140 
H  11.051  -0.468   4.992 
H  10.171  -1.553   3.906 
C   5.895   1.636   5.521 
H   5.043   1.893   6.145 
H   5.670   1.164   4.569 
H   7.836   0.681   5.665 
H   7.214   1.397   7.225 
H   8.137   2.569   5.991 
 
87 
A3 S = 0 E = -1649.232007 
Fe   7.037   3.362   5.171 
C   6.572   1.297   5.969 
N   6.492   4.446   6.797 
N   8.024   4.924   4.840 
N   7.880   2.848   3.398 
C   7.066   5.631   6.874 
C   6.880   6.646   7.971 
C   8.680   3.767   2.894 
223 
 
C   9.458   3.673   1.608 
C   7.972   5.939   5.744 
C   8.735   7.104   5.544 
C   9.541   7.195   4.392 
C   9.573   6.134   3.464 
C   8.790   4.992   3.719 
C   5.577   3.996   7.842 
C   6.090   3.425   9.039 
C   5.157   2.971   9.997 
C   3.776   3.080   9.782 
C   3.295   3.646   8.591 
C   4.179   4.111   7.597 
C   7.591   3.299   9.344 
C   7.996   4.198  10.545 
C   8.010   1.833   9.636 
C   3.634   4.778   6.325 
C   3.343   6.285   6.573 
C   2.368   4.089   5.761 
C   7.681   1.579   2.702 
C   6.526   1.440   1.880 
C   6.326   0.206   1.228 
C   7.230  -0.855   1.392 
C   8.353  -0.697   2.215 
C   8.609   0.517   2.889 
C   5.548   2.602   1.648 
C   5.875   3.346   0.323 
C   4.063   2.161   1.646 
C   9.870   0.639   3.758 
224 
 
C  11.156   0.606   2.885 
C   9.954  -0.475   4.835 
H   7.819   6.790   8.522 
H   6.111   6.337   8.681 
H   6.599   7.619   7.550 
H  10.537   3.690   1.811 
H   9.237   4.534   0.964 
H   9.226   2.760   1.058 
H   8.706   7.917   6.262 
H  10.139   8.083   4.218 
H  10.191   6.196   2.576 
H   5.518   2.530  10.922 
H   3.079   2.726  10.537 
H   2.223   3.726   8.436 
H   8.160   3.626   8.466 
H   7.718   5.247  10.390 
H   9.081   4.151  10.706 
H   7.508   3.862  11.469 
H   7.790   1.166   8.795 
H   7.497   1.436  10.521 
H   9.089   1.783   9.830 
H   4.414   4.720   5.549 
H   4.236   6.825   6.912 
H   2.570   6.405   7.343 
H   2.983   6.764   5.654 
H   2.513   3.012   5.613 
H   2.101   4.533   4.793 
H   1.505   4.221   6.424 
225 
 
H   5.459   0.073   0.589 
H   7.058  -1.799   0.881 
H   9.045  -1.527   2.336 
H   5.675   3.325   2.469 
H   6.902   3.729   0.308 
H   5.192   4.193   0.180 
H   5.760   2.671  -0.535 
H   9.840   1.598   4.288 
H  11.153   1.385   2.114 
H  11.258  -0.361   2.376 
H  12.045   0.748   3.513 
H   3.797   1.602   2.551 
H   3.830   1.527   0.782 
H   3.412   3.042   1.584 
H   9.074  -0.486   5.489 
H  10.839  -0.319   5.465 
H  10.044  -1.470   4.381 
C   5.496   1.787   5.262 
H   4.663   2.252   5.780 
H   5.340   1.499   4.227 
H   7.299   0.642   5.502 
H   6.624   1.392   7.047 
H   8.243   2.867   5.900 
 
53 
B1 S = 0 E = -1287.363164 
Fe   8.106  10.309   2.705 
C  10.456  12.134   2.041 
226 
 
C   9.177  11.989   2.895 
N   6.375  11.198   2.390 
N   5.474  10.845   4.622 
N   7.750  10.100   4.525 
N   9.946   9.247   5.173 
N   9.701   9.141   2.749 
C   7.304  11.534   0.111 
H   8.286  11.485   0.588 
H   7.328  12.383  -0.579 
H   7.151  10.629  -0.490 
C   6.190  11.708   1.114 
C   5.006  12.338   0.725 
H   4.916  12.726  -0.283 
C   3.956  12.467   1.650 
H   3.033  12.969   1.379 
C   4.124  11.957   2.936 
H   3.336  12.091   3.662 
C   5.343  11.324   3.292 
C   4.218  10.683   5.411 
H   4.390   9.963   6.208 
H   3.439  10.272   4.764 
H   3.875  11.632   5.837 
C   6.652  10.461   5.221 
C   6.914  10.397   6.684 
C   6.195  10.755   7.841 
H   5.188  11.152   7.810 
C   6.827  10.611   9.094 
H   6.284  10.884   9.995 
227 
 
C   8.147  10.126   9.201 
H   8.603  10.024  10.181 
C   8.881   9.791   8.044 
H   9.907   9.440   8.098 
C   8.252   9.942   6.806 
C   8.774   9.731   5.448 
C  10.416   8.906   3.911 
C  11.663   8.240   3.894 
H  12.173   8.109   4.841 
C  12.176   7.754   2.690 
H  13.130   7.238   2.657 
C  11.407   7.921   1.522 
H  11.748   7.522   0.572 
C  10.184   8.609   1.574 
C   9.365   8.779   0.316 
H   8.290   8.785   0.536 
H   9.553   7.952  -0.376 
H   9.622   9.707  -0.209 
H   9.446  12.040   3.959 
H   8.486  12.822   2.690 
H  11.208  11.377   2.293 
H  10.267  12.068   0.959 
H  10.920  13.118   2.211 
 
53 
B2 S = 0 E = -1287.296508 
H   4.081  -4.755  -0.035 
C   3.525  -3.825  -0.092 
228 
 
H   5.251  -2.581  -0.483 
H   1.551  -4.694   0.228 
C   4.177  -2.609  -0.338 
C   2.139  -3.800   0.061 
H   5.315  -0.393  -0.774 
C   3.456  -1.396  -0.412 
C   1.443  -2.574  -0.015 
C   4.249  -0.148  -0.725 
N   0.061  -2.724   0.098 
N   2.085  -1.361  -0.228 
H   4.116   0.639   0.020 
H   2.904   0.319   1.810 
H   3.932   0.273  -1.685 
C  -0.859  -1.818   0.051 
H   0.782  -0.903   2.320 
C  -2.983  -3.314   0.159 
H   1.988   0.885  -1.397 
C   1.954   0.843   1.847 
C  -2.303  -2.102   0.029 
Fe   1.059   0.406  -0.169 
C   0.790   0.170   2.153 
N  -0.688  -0.408  -0.062 
H   3.112   2.579   0.158 
H   1.999   1.924   1.918 
H  -0.119   0.706   2.408 
C  -2.976  -0.866  -0.148 
C   2.572   3.252  -0.510 
H   3.044   4.238  -0.460 
229 
 
C  -1.896   0.161  -0.206 
H   2.688   2.845  -1.519 
C  -4.383  -0.840  -0.154 
N   0.255   2.281  -0.207 
C   1.105   3.379  -0.170 
N  -2.071   1.513  -0.355 
C  -1.092   2.521  -0.074 
H  -3.745   1.242  -1.620 
C   0.626   4.667   0.140 
C  -3.359   1.995  -0.934 
H   1.329   5.492   0.174 
C  -1.601   3.789   0.283 
H  -4.108   2.211  -0.163 
H  -3.169   2.901  -1.512 
C  -0.731   4.872   0.413 
H  -2.658   3.917   0.473 
H  -1.104   5.850   0.702 
C  -5.078  -2.061  -0.013 
C  -4.393  -3.284   0.133 
H  -4.957   0.073  -0.252 
H  -6.164  -2.055  -0.017 
H  -4.958  -4.207   0.235 
H  -2.432  -4.241   0.287 
 
53 
B3 S = 0 E = -1287.342107 
Fe   7.947   9.960   3.013 
H   7.145   8.707   2.817 
230 
 
N   6.353  11.049   2.697 
N   5.417  10.749   4.916 
N   7.693  10.019   4.863 
N   9.883   9.177   5.535 
N   9.654   8.981   3.111 
C   7.327  11.259   0.442 
H   8.312  11.231   0.928 
H   7.376  12.016  -0.346 
H   7.144  10.291  -0.040 
C   6.231  11.578   1.427 
C   5.126  12.342   1.041 
H   5.076  12.739   0.033 
C   4.098  12.583   1.970 
H   3.237  13.188   1.702 
C   4.208  12.048   3.253 
H   3.441  12.258   3.985 
C   5.344  11.275   3.598 
C   4.135  10.600   5.660 
H   4.247   9.815   6.407 
H   3.356  10.280   4.964 
H   3.828  11.532   6.147 
C   6.578  10.357   5.538 
C   6.807  10.267   7.007 
C   6.053  10.583   8.152 
H   5.037  10.956   8.104 
C   6.657  10.420   9.418 
H   6.086  10.658  10.311 
C   7.983   9.958   9.545 
231 
 
H   8.417   9.840  10.534 
C   8.751   9.662   8.399 
H   9.780   9.323   8.472 
C   8.149   9.828   7.150 
C   8.700   9.643   5.797 
C  10.388   8.855   4.280 
C  11.695   8.316   4.282 
H  12.209   8.259   5.234 
C  12.259   7.851   3.093 
H  13.259   7.430   3.077 
C  11.481   7.905   1.922 
H  11.860   7.510   0.985 
C  10.192   8.463   1.951 
C   9.356   8.494   0.694 
H   8.288   8.459   0.940 
H   9.582   7.623   0.070 
H   9.563   9.387   0.089 
C  10.236  12.476   2.591 
C   9.468  12.673   3.685 
H   8.616  13.350   3.671 
H   9.706  12.205   4.637 
H  11.115  11.834   2.616 
H  10.037  12.990   1.652 
 
53 
B1 S = 1 E = -1287.371322 
Fe   8.234  10.467   2.810 
C  10.409  12.161   1.179 
232 
 
C   9.286  12.103   2.231 
N   6.351  11.205   2.414 
N   5.496  10.933   4.717 
N   7.722  10.100   4.671 
N   9.904   9.234   5.330 
N   9.831   9.223   2.868 
C   6.970  11.173   0.005 
H   7.994  11.529   0.136 
H   6.594  11.539  -0.954 
H   6.992  10.078  -0.032 
C   6.083  11.644   1.127 
C   4.993  12.476   0.840 
H   4.822  12.795  -0.182 
C   4.152  12.900   1.880 
H   3.339  13.595   1.693 
C   4.369  12.401   3.164 
H   3.726  12.719   3.973 
C   5.446  11.513   3.405 
C   4.197  10.843   5.449 
H   4.234   9.990   6.126 
H   3.395  10.660   4.732 
H   3.977  11.754   6.016 
C   6.608  10.430   5.345 
C   6.796  10.224   6.813 
C   6.024  10.466   7.965 
H   5.018  10.865   7.929 
C   6.595  10.189   9.226 
H   6.009  10.369  10.123 
233 
 
C   7.908   9.689   9.345 
H   8.316   9.484  10.330 
C   8.695   9.466   8.194 
H   9.715   9.103   8.262 
C   8.125   9.741   6.951 
C   8.709   9.656   5.599 
C  10.473   8.994   4.076 
C  11.753   8.397   4.125 
H  12.211   8.275   5.100 
C  12.359   7.950   2.948 
H  13.340   7.487   2.969 
C  11.649   8.076   1.742 
H  12.058   7.693   0.814 
C  10.391   8.710   1.722 
C   9.619   8.812   0.432 
H   8.611   8.396   0.552 
H  10.125   8.257  -0.363 
H   9.525   9.853   0.113 
H   9.725  12.299   3.229 
H   8.546  12.899   2.045 
H  11.181  11.400   1.357 
H  10.042  12.029   0.150 
H  10.916  13.138   1.201 
 
53 
B3 S = 1 E = -1287.353874 
Fe   7.717   9.624   3.101 
H   7.322   8.712   1.905 
234 
 
N   6.186  10.863   2.793 
N   5.290  10.661   5.061 
N   7.548   9.882   5.035 
N   9.633   8.851   5.718 
N   9.549   8.713   3.244 
C   7.202  11.217   0.547 
H   8.180  11.427   1.001 
H   7.078  11.874  -0.319 
H   7.207  10.178   0.204 
C   6.091  11.443   1.537 
C   4.997  12.242   1.179 
H   4.959  12.670   0.184 
C   3.976  12.485   2.110 
H   3.125  13.107   1.853 
C   4.088  11.942   3.390 
H   3.338  12.176   4.132 
C   5.207  11.140   3.716 
C   4.012  10.566   5.825 
H   4.119   9.813   6.604 
H   3.221  10.230   5.150 
H   3.725  11.523   6.273 
C   6.447  10.286   5.698 
C   6.672  10.229   7.170 
C   5.938  10.627   8.304 
H   4.948  11.061   8.241 
C   6.531  10.467   9.574 
H   5.979  10.769  10.459 
C   7.827   9.925   9.716 
235 
 
H   8.252   9.811  10.709 
C   8.574   9.544   8.582 
H   9.579   9.142   8.669 
C   7.986   9.713   7.328 
C   8.516   9.449   5.978 
C  10.160   8.490   4.476 
C  11.413   7.845   4.587 
H  11.806   7.699   5.585 
C  12.090   7.427   3.441 
H  13.051   6.926   3.509 
C  11.494   7.680   2.198 
H  11.989   7.382   1.280 
C  10.239   8.320   2.111 
C   9.685   8.571   0.730 
H   8.728   8.061   0.590 
H  10.395   8.217  -0.023 
H   9.515   9.638   0.556 
C  10.782  12.809   2.155 
C  10.049  12.763   3.287 
H   9.248  13.476   3.477 
H  10.254  12.038   4.072 
H  11.604  12.118   1.977 
H  10.601  13.556   1.384 
 
53 
B1 S = 2 E = -1287.400479 
C   3.620  -3.623  -0.617 
H   4.189  -4.524  -0.826 
236 
 
C   2.220  -3.643  -0.630 
C   4.271  -2.420  -0.307 
H   1.653  -4.543  -0.836 
H   5.354  -2.367  -0.265 
H   5.178  -0.172   0.793 
C   3.516  -1.260  -0.039 
C   1.497  -2.462  -0.356 
C   4.227   0.032   0.292 
N   0.108  -2.629  -0.366 
N   2.144  -1.271  -0.077 
H   3.628   0.664   0.958 
H   1.109  -0.801   3.471 
H   4.454   0.601  -0.619 
C  -0.824  -1.741  -0.221 
H   0.408   1.566   2.803 
H   2.806  -0.385   3.189 
C   1.825   0.033   3.460 
C  -2.274  -2.031  -0.242 
Fe   1.093   0.532   0.562 
C   1.383   1.152   2.486 
N  -0.665  -0.339  -0.023 
H   2.606   1.886  -1.636 
H   1.911   0.397   4.496 
H   2.097   1.994   2.512 
C  -2.956  -0.798  -0.067 
C   2.490   2.854  -1.131 
H   2.964   2.788  -0.144 
C  -1.880   0.229   0.048 
237 
 
H   3.032   3.604  -1.713 
N   0.194   2.285  -0.450 
C   1.033   3.221  -1.000 
N  -2.054   1.589   0.177 
C  -1.135   2.568  -0.332 
C  -3.316   2.093   0.781 
C  -2.953  -3.234  -0.434 
C  -4.365  -3.199  -0.451 
H  -2.404  -4.160  -0.571 
H  -4.928  -4.117  -0.592 
C  -5.054  -1.978  -0.296 
C  -4.361  -0.763  -0.107 
H  -6.140  -1.971  -0.325 
H  -4.929   0.154  -0.007 
H  -3.096   2.992   1.362 
H  -3.707   1.343   1.470 
H  -4.077   2.328   0.027 
H   1.256   5.203  -1.830 
C   0.565   4.481  -1.408 
C  -0.798   4.782  -1.263 
H  -1.188   5.746  -1.577 
C  -1.661   3.819  -0.728 
H  -2.719   4.029  -0.658 
 
53 
B2 S = 2 E = -1287.327239 
C   3.067  -3.872  -0.225 
H   3.627  -4.801  -0.190 
238 
 
C   1.684  -3.875  -0.243 
C   3.739  -2.628  -0.281 
H   1.099  -4.786  -0.238 
H   4.822  -2.591  -0.315 
H   4.879  -0.365  -0.385 
C   3.020  -1.431  -0.314 
C   0.944  -2.652  -0.287 
C   3.810  -0.151  -0.467 
N  -0.406  -2.831  -0.375 
N   1.622  -1.411  -0.266 
H   3.553   0.596   0.290 
H   2.111   0.172   2.718 
H   3.642   0.298  -1.453 
C  -1.349  -1.898  -0.357 
H  -0.054  -1.065   2.516 
H   1.767   1.052   0.687 
C   1.170   0.703   2.600 
C  -2.772  -2.114  -0.553 
Fe   0.542   0.293   0.133 
C  -0.021   0.021   2.495 
N  -1.155  -0.535  -0.124 
H   1.823   1.483  -2.097 
H   1.198   1.781   2.741 
H  -0.975   0.539   2.542 
C  -3.428  -0.841  -0.416 
C   1.894   2.506  -1.709 
H   2.671   2.531  -0.936 
C  -2.382   0.108  -0.131 
239 
 
H   2.221   3.151  -2.530 
N  -0.264   2.056  -0.568 
C   0.568   2.981  -1.172 
N  -2.486   1.473   0.181 
C  -1.547   2.434  -0.214 
C  -3.749   1.934   0.813 
C  -3.490  -3.282  -0.858 
C  -4.878  -3.181  -1.035 
H  -2.970  -4.230  -0.957 
H  -5.462  -4.066  -1.269 
C  -5.536  -1.923  -0.923 
C  -4.831  -0.753  -0.619 
H  -6.610  -1.873  -1.083 
H  -5.365   0.190  -0.562 
H  -3.530   2.682   1.581 
H  -4.226   1.083   1.299 
H  -4.444   2.364   0.081 
H   0.873   5.020  -1.783 
C   0.197   4.321  -1.304 
C  -1.057   4.740  -0.814 
H  -1.357   5.781  -0.888 
C  -1.936   3.799  -0.285 
H  -2.929   4.104   0.014 
 
53 
B3 S = 2 E = -1287.362996 
Fe   7.565   9.309   2.957 
H   6.747   8.067   2.195 
240 
 
N   6.146  10.966   2.763 
N   5.276  10.679   5.019 
N   7.503   9.815   4.938 
N   9.718   9.016   5.609 
N   9.680   8.840   3.155 
C   7.114  11.179   0.510 
H   8.122  11.416   0.877 
H   6.964  11.722  -0.428 
H   7.056  10.105   0.292 
C   6.069  11.561   1.527 
C   5.046  12.471   1.214 
H   5.005  12.916   0.226 
C   4.090  12.786   2.192 
H   3.295  13.496   1.980 
C   4.174  12.187   3.453 
H   3.459  12.453   4.220 
C   5.218  11.271   3.712 
C   3.996  10.602   5.777 
H   4.059   9.792   6.504 
H   3.189  10.359   5.082 
H   3.760  11.540   6.292 
C   6.425  10.234   5.626 
C   6.675  10.171   7.096 
C   5.948  10.533   8.245 
H   4.941  10.929   8.204 
C   6.567  10.379   9.504 
H   6.018  10.650  10.401 
C   7.883   9.885   9.618 
241 
 
H   8.330   9.775  10.603 
C   8.624   9.542   8.467 
H   9.645   9.179   8.531 
C   8.005   9.694   7.226 
C   8.531   9.465   5.865 
C  10.317   8.733   4.378 
C  11.653   8.284   4.474 
H  12.092   8.220   5.461 
C  12.351   7.927   3.314 
H  13.377   7.576   3.372 
C  11.693   8.016   2.078 
H  12.193   7.731   1.159 
C  10.360   8.475   2.020 
C   9.655   8.576   0.689 
H   8.624   8.207   0.757 
H  10.176   7.984  -0.068 
H   9.634   9.616   0.336 
C  10.757  12.859   1.922 
C   9.870  12.770   2.934 
H   9.056  13.484   3.043 
H   9.952  12.002   3.701 
H  11.591  12.166   1.827 
H  10.694  13.644   1.171 
 
53 
C1 S = 0 E = -1287.334452 
H -19.970  46.043  20.129 
H -18.115  44.579  18.243 
242 
 
C -19.516  46.853  19.567 
H -21.073  48.304  19.998 
H -17.606  44.856  19.917 
C -20.130  48.120  19.493 
C -17.612  45.288  18.911 
C -18.303  46.636  18.901 
C -19.507  49.137  18.764 
H -16.553  45.355  18.599 
N -17.692  47.636  18.187 
H -19.929  50.131  18.675 
C -18.276  48.888  18.113 
H -16.882  44.292  16.167 
Fe -16.097  47.129  17.290 
N -17.707  49.958  17.428 
C -16.621  44.967  15.341 
H -18.042  46.576  15.769 
H -13.752  46.919  17.581 
C -16.957  46.448  15.648 
N -15.616  48.879  16.814 
C -16.535  49.954  16.862 
H -15.557  44.809  15.109 
H -17.186  44.620  14.463 
C -13.690  47.014  16.481 
H -12.868  46.395  16.120 
C -14.463  49.296  16.214 
H -16.644  47.095  14.812 
H -14.600  46.627  15.981 
C -15.905  51.104  16.180 
243 
 
N -13.444  48.416  16.087 
H -11.825  50.405  17.045 
H -17.406  52.655  16.229 
C -16.411  52.374  15.900 
C -14.605  50.704  15.765 
C -11.389  49.806  16.252 
C -12.102  48.753  15.653 
C -10.076  50.032  15.798 
N -11.588  47.938  14.715 
H  -9.482  50.831  16.230 
C -15.594  53.260  15.164 
C -13.801  51.581  15.019 
C -10.315  48.143  14.276 
C  -9.537  49.203  14.799 
C -14.314  52.863  14.724 
H -15.957  54.255  14.924 
H -12.818  51.301  14.662 
H  -9.778  46.168  13.610 
C  -9.794  47.195  13.225 
H  -8.525  49.356  14.438 
H -13.711  53.555  14.143 
H  -8.783  47.463  12.905 
H -10.452  47.197  12.348 
 
53 
C2 S = 0 E = -1287.306191 
Fe  10.184   9.575   4.805 
N   6.992  13.646   5.738 
244 
 
N  10.845  11.077   5.812 
N  12.840  10.004   6.644 
N  11.978   8.710   4.713 
C   4.747  14.575   6.034 
H   4.316  13.868   5.316 
H   4.199  15.520   5.968 
H   4.591  14.152   7.034 
C   6.219  14.766   5.768 
C   6.796  16.042   5.560 
H   6.169  16.927   5.587 
C   8.174  16.146   5.298 
H   8.627  17.115   5.108 
C   8.962  14.980   5.261 
H  10.020  15.020   5.027 
C   8.312  13.760   5.511 
C  10.183  12.233   6.102 
C  10.874  12.957   7.201 
C  10.595  14.120   7.935 
H   9.736  14.745   7.727 
C  11.471  14.468   8.986 
H  11.273  15.362   9.570 
C  12.597  13.675   9.295 
H  13.255  13.972  10.107 
C  12.868  12.494   8.569 
H  13.718  11.862   8.806 
C  11.995  12.150   7.536 
C  11.975  10.969   6.649 
C  12.901   8.943   5.733 
245 
 
C  14.051   8.137   5.890 
H  14.705   8.365   6.722 
C  14.322   7.119   4.973 
H  15.199   6.488   5.082 
C  13.456   6.967   3.880 
H  13.664   6.231   3.111 
C  12.302   7.768   3.753 
C  11.467   7.598   2.501 
H  10.529   7.064   2.689 
H  12.035   7.022   1.763 
H  11.208   8.564   2.058 
H   9.654   6.915   4.780 
C   9.104   7.795   5.103 
H   9.614   8.767   3.655 
H   8.073   7.817   4.755 
C   9.464   8.441   6.326 
H  10.298   8.066   6.914 
H   8.710   8.975   6.903 
N   9.033  12.504   5.446 
C   8.477  11.453   4.568 
H   9.104  11.306   3.672 
H   7.478  11.750   4.246 
H   8.336  10.510   5.130 
 
53 
C1  S = 1 E = -1287.354892 
H -29.716  34.451  12.784 
H -27.403  33.586  12.536 
246 
 
H -31.198  36.448  12.406 
C -29.490  35.172  12.004 
C -30.309  36.295  11.802 
C -27.456  33.783  11.459 
H -27.830  32.874  10.974 
C -28.356  34.967  11.196 
H -26.440  33.962  11.092 
C -29.932  37.235  10.838 
H -30.481  38.154  10.675 
N -28.036  35.850  10.191 
C -28.773  37.024  10.058 
H -25.979  32.213   9.260 
H -28.252  33.309   8.775 
C -26.294  32.476   8.240 
C -27.345  33.608   8.233 
H -26.691  31.557   7.783 
Fe -26.688  35.398   8.821 
N -28.422  38.100   9.238 
H -25.388  32.738   7.673 
H -27.662  33.836   7.195 
C -27.358  38.239   8.506 
H -24.227  35.372   8.430 
N -26.350  37.271   8.276 
C -24.425  35.579   7.365 
H -28.607  40.840   8.119 
C -26.986  39.459   7.758 
H -25.400  35.173   7.038 
C -25.390  37.810   7.472 
247 
 
C -27.663  40.671   7.610 
N -24.357  37.032   7.081 
H -23.669  35.072   6.764 
C -25.750  39.206   7.104 
H -22.729  39.091   7.842 
C -27.087  41.649   6.770 
C -23.168  37.516   6.404 
C -22.427  38.588   6.929 
C -25.188  40.173   6.255 
H -27.588  42.603   6.631 
N -22.807  36.816   5.314 
C -25.873  41.397   6.097 
C -21.262  38.963   6.234 
H -24.260  40.005   5.721 
H -20.652  39.784   6.599 
C -21.677  37.166   4.639 
C -20.887  38.255   5.078 
H -25.457  42.159   5.444 
H -21.102  35.307   3.720 
C -21.321  36.341   3.428 
H -19.990  38.524   4.531 
H -22.165  36.305   2.729 
H -20.449  36.746   2.907 
 
53 
C2 S = 1 E = -1287.29943 
Fe  10.121   9.523   4.895 
H   9.588   8.662   3.812 
248 
 
C   9.083   7.786   4.854 
H   8.038   7.828   4.549 
H   9.550   6.860   4.522 
C   9.385   8.219   6.210 
H  10.166   7.702   6.759 
H   8.567   8.595   6.821 
N   7.032  13.660   5.964 
N  10.851  10.982   5.932 
N  12.899   9.913   6.619 
N  11.975   8.734   4.679 
C   4.851  14.727   6.168 
H   4.397  14.022   5.463 
H   4.363  15.697   6.056 
H   4.644  14.348   7.176 
C   6.333  14.822   5.936 
C   6.987  16.044   5.704 
H   6.418  16.966   5.687 
C   8.365  16.053   5.470 
H   8.878  16.984   5.255 
C   9.078  14.850   5.487 
H  10.139  14.822   5.271 
C   8.357  13.685   5.768 
C  10.205  12.127   6.294 
C  10.974  12.839   7.336 
C  10.748  13.985   8.104 
H   9.881  14.613   7.956 
C  11.685  14.312   9.096 
H  11.525  15.197   9.702 
249 
 
C  12.820  13.518   9.318 
H  13.527  13.800  10.090 
C  13.042  12.357   8.562 
H  13.900  11.720   8.739 
C  12.110  12.029   7.586 
C  12.030  10.867   6.693 
C  12.927   8.896   5.675 
C  14.070   8.079   5.734 
H  14.752   8.242   6.557 
C  14.310   7.149   4.734 
H  15.186   6.511   4.767 
C  13.432   7.100   3.649 
H  13.635   6.453   2.805 
C  12.285   7.901   3.621 
C  11.432   7.895   2.377 
H  10.549   7.255   2.470 
H  12.019   7.515   1.536 
H  11.090   8.901   2.122 
N   8.991  12.392   5.766 
C   8.268  11.280   5.130 
H   8.889  10.834   4.314 
H   7.353  11.656   4.680 
H   8.002  10.528   5.877 
 
53 
C1 S = 2 E = -1287.376952 
H  -3.146  -1.864  -2.577 
C  -3.096  -2.796  -1.993 
250 
 
H  -4.133  -3.139  -1.856 
C  -2.369  -2.605  -0.637 
H  -2.928  -1.893  -0.003 
H  -2.382  -3.555  -0.072 
Fe  -0.433  -1.984  -0.694 
N  -2.415   2.747   0.923 
N   0.393  -0.188  -0.147 
N   2.417  -1.339   0.688 
N   1.334  -3.079  -0.660 
C  -3.804   3.710   2.693 
H  -4.583   2.940   2.645 
H  -4.266   4.654   2.998 
H  -3.094   3.397   3.468 
C  -3.109   3.835   1.360 
C  -3.174   5.011   0.574 
H  -3.737   5.867   0.932 
C  -2.512   5.057  -0.667 
H  -2.549   5.954  -1.278 
C  -1.792   3.929  -1.107 
H  -1.255   3.928  -2.049 
C  -1.782   2.807  -0.262 
C  -0.058   1.096   0.015 
C   0.815   1.846   0.960 
C   0.820   3.160   1.455 
H   0.052   3.880   1.203 
C   1.870   3.537   2.320 
H   1.891   4.547   2.719 
C   2.889   2.629   2.678 
251 
 
H   3.681   2.951   3.349 
C   2.890   1.313   2.169 
H   3.670   0.602   2.420 
C   1.846   0.947   1.317 
C   1.604  -0.328   0.610 
C   2.405  -2.582   0.058 
C   3.587  -3.343   0.197 
H   4.394  -2.920   0.782 
C   3.680  -4.598  -0.415 
H   4.584  -5.191  -0.317 
C   2.588  -5.084  -1.158 
H   2.632  -6.052  -1.645 
C   1.420  -4.309  -1.267 
C   0.230  -4.791  -2.064 
H  -0.693  -4.752  -1.475 
H   0.377  -5.823  -2.393 
H   0.082  -4.176  -2.963 
H  -2.596  -3.543  -2.626 
N  -1.104   1.588  -0.676 
C  -1.767   0.805  -1.747 
H  -1.016   0.293  -2.357 
H  -2.327   1.493  -2.384 
H  -2.465   0.076  -1.322 
 
53 
C2 S = 2 E = -1287.324006 
H   5.057  13.193   6.183 
C   5.909  12.519   6.127 
252 
 
H   5.811  11.749   5.365 
C   6.699  12.277   7.279 
H   6.499  12.821   8.201 
H   7.265  11.355   7.376 
Fe   7.976  13.713   6.110 
N   5.507  18.765   7.650 
N   8.702  15.373   7.055 
N  10.890  14.295   7.502 
N   9.811  12.721   5.973 
C   3.765  20.315   8.395 
H   2.936  19.815   7.880 
H   3.543  21.385   8.449 
H   3.802  19.909   9.412 
C   5.065  20.053   7.675 
C   5.805  21.079   7.042 
H   5.442  22.101   7.071 
C   6.995  20.760   6.364 
H   7.563  21.532   5.853 
C   7.438  19.424   6.336 
H   8.337  19.135   5.802 
C   6.655  18.475   7.015 
C   8.225  16.618   7.384 
C   9.184  17.333   8.269 
C   9.142  18.547   8.976 
H   8.305  19.231   8.907 
C  10.235  18.868   9.808 
H  10.223  19.799  10.366 
C  11.342  18.000   9.931 
253 
 
H  12.170  18.278  10.577 
C  11.374  16.772   9.238 
H  12.203  16.079   9.334 
C  10.282  16.458   8.425 
C  10.012  15.241   7.633 
C  10.885  13.134   6.737 
C  12.088  12.393   6.759 
H  12.894  12.761   7.381 
C  12.206  11.237   5.979 
H  13.125  10.660   5.983 
C  11.119  10.845   5.180 
H  11.181   9.963   4.550 
C   9.930  11.597   5.192 
C   8.746  11.170   4.356 
H   8.047  10.563   4.946 
H   9.073  10.560   3.509 
H   8.195  12.033   3.961 
H   6.662  13.509   4.999 
N   7.019  17.068   6.981 
C   5.992  16.143   6.445 
H   6.219  15.854   5.413 
H   5.029  16.655   6.483 
H   5.929  15.255   7.081 
 
53 
C3 S = 2 E = -1287.358704 
H  -9.343   3.042  -0.824 
C  -8.505   3.216  -1.505 
254 
 
H -10.717   4.814  -1.545 
H  -7.590   3.317  -0.909 
H  -8.384   2.317  -2.124 
C  -9.966   5.150  -2.251 
C  -8.755   4.440  -2.354 
H  -5.203   1.223  -4.255 
H  -5.443   2.873  -1.990 
C -10.195   6.272  -3.067 
H -11.128   6.822  -2.999 
C  -5.513   2.014  -4.934 
N  -7.777   4.839  -3.233 
H  -4.735   2.468  -5.546 
Fe  -5.928   3.809  -3.267 
H  -7.614   1.786  -4.573 
C  -6.832   2.323  -5.106 
C  -9.204   6.663  -3.973 
C  -7.991   5.941  -4.038 
H  -3.415   4.841  -2.198 
C  -2.757   4.227  -2.818 
H  -9.323   7.510  -4.637 
H  -7.159   3.046  -5.851 
H  -3.160   3.208  -2.860 
N  -4.969   5.291  -4.320 
H  -1.765   4.192  -2.364 
N  -7.068   6.410  -4.973 
C  -5.803   6.153  -5.106 
N  -2.636   4.821  -4.174 
C  -3.686   5.403  -4.788 
255 
 
H  -0.118   5.675  -3.574 
C  -1.412   4.542  -4.904 
C  -0.179   5.033  -4.446 
N  -1.556   3.755  -5.988 
C  -4.956   6.780  -6.143 
C   0.968   4.674  -5.180 
C  -3.633   6.312  -5.964 
H   1.946   5.030  -4.871 
H  -1.054   1.551  -7.605 
C  -0.452   3.413  -6.710 
C   0.832   3.861  -6.319 
C  -5.285   7.708  -7.133 
C  -0.670   2.531  -7.915 
H  -6.307   8.057  -7.243 
H   1.702   3.572  -6.899 
C  -2.595   6.788  -6.780 
H  -1.418   2.972  -8.584 
H  -1.569   6.460  -6.665 
H   0.257   2.377  -8.475 
C  -4.246   8.175  -7.965 
C  -2.920   7.724  -7.785 
H  -4.463   8.895  -8.749 






D.2 Chapter 3 
Table D.2. Cartesian coordinates for structures represented in Figure 3.12. Labels and energies in 
Hartree units are also listed. 
135 
R Lactic Acid/Coordination of L-Lactide E = -3390.45626402 
C          0.53300        7.67500        9.19100 
N          0.10700        8.54300        8.29500 
C         -0.38500        6.55500        9.50400 
Fe        -1.07500        7.58600        6.89100 
N         -1.45800        6.36900        8.66500 
C         -3.69800        8.83800        5.75100 
O         -2.41600        8.67100        6.26100 
C         -2.40300        5.45200        9.01500 
O          0.10700        6.53100        5.90700 
C         -3.57700        5.17700        8.11500 
C         -3.41300        5.36000        6.62900 
C          1.85700        7.76200        9.91000 
C         -2.29800        4.69300       10.20000 
C         -0.19800        5.77200       10.66200 
H         -4.43600        8.18900        6.27400 
C         -1.17500        4.84000       11.02100 
H         -3.09100        3.97900       10.42900 
H          0.69100        5.91200       11.28000 
H         -1.06100        4.23600       11.92500 
H         -2.63400        4.69100        6.22300 
H         -3.07400        6.39000        6.41500 
H         -4.35700        5.17400        6.09900 
257 
 
H          2.41600        6.81900        9.78400 
H          1.72200        7.92400       10.99300 
H          2.46100        8.58900        9.51300 
C         -0.60300       12.78700        9.92100 
C         -0.44500       11.27100        9.64400 
H          1.30100       13.05100        8.50300 
C         -1.83600       10.74000        9.21600 
C          1.44100       12.05200        8.08600 
C          0.62300       10.99600        8.55200 
C          2.43300       11.88600        7.10700 
H          3.03500       12.74600        6.79400 
C          0.86900        9.71700        7.96600 
C          2.63700       10.62400        6.53300 
C          1.84900        9.55000        6.96200 
C         -0.03000       10.60500       10.98500 
H         -6.59700        1.68500        5.95300 
C         -6.74400        2.55900        6.59700 
C         -5.64200        3.17200        7.20300 
C         -8.02500        3.07900        6.82500 
H         -8.90400        2.62300        6.35700 
C         -5.79500        4.29800        8.05200 
N         -4.65200        4.78000        8.72700 
C         -8.18100        4.19000        7.67000 
C         -7.10100        4.82200        8.32000 
H         -9.19200        4.57100        7.83300 
C         -7.33900        6.02900        9.26200 
H          5.80500        6.58800        2.63600 
C          4.89700        6.32000        3.18700 
258 
 
C          4.81500        5.08600        3.85400 
H          5.66000        4.38900        3.82500 
H         -2.75100        4.54000        2.11000 
C          3.65000        4.74700        4.56200 
C         -1.18400        4.74400        3.60100 
C         -1.94700        4.03400        2.65800 
H          3.60700        3.78300        5.08200 
C         -0.13800        4.11900        4.32200 
C         -1.67900        2.67600        2.41500 
H         -2.27300        2.12000        1.68100 
C          0.11700        2.75200        4.05700 
C         -0.64400        2.03500        3.11700 
H          3.22300        5.17000        7.45300 
H          0.92000        2.23400        4.59500 
H         -0.42900        0.97700        2.93300 
H          3.81500        3.83200        9.46100 
Si         0.92500        5.15700        5.51400 
C          1.38400        4.08500        7.02300 
C          0.56600        3.01800        7.46500 
C          2.89800        3.60400        8.90700 
C          0.90100        2.25500        8.59700 
C          2.07000        2.54700        9.32100 
H          2.33700        1.94900       10.20000 
H         -0.34300        2.76600        6.90600 
H          0.25300        1.42900        8.91200 
C          2.64300        6.86300        3.94000 
C          2.54200        5.62700        4.62500 
H          1.80200        7.56500        3.95600 
259 
 
H          3.86300        8.16800        2.70900 
C          3.80700        7.20600        3.23100 
C          2.55500        4.36100        7.77300 
H         -1.39400        5.80400        3.78500 
C         -6.85000        5.68000       10.69400 
C         -8.83600        6.40500        9.35800 
C         -6.58300        7.28000        8.73900 
H         -3.45800        7.48600        4.06200 
C         -3.77900        8.52600        4.23800 
H         -4.80900        8.64700        3.86300 
O         -5.52800       10.34100        6.04700 
C         -4.16800       10.29100        5.97000 
H         -7.17500       11.53300        6.22200 
C         -6.08800       11.67500        6.16900 
H         -5.82000       12.28800        5.29400 
O         -3.45200       11.28300        6.03500 
H         -5.71600       12.16600        7.08100 
H         -3.11200        9.19800        3.67500 
H          3.39400       10.47000        5.75800 
H          1.96400        8.55800        6.51500 
H         -2.17100       11.20300        8.27400 
H         -2.57500       10.97600       10.00400 
H         -1.83200        9.65000        9.06700 
H         -0.88000       13.34600        9.01100 
H          0.31100       13.23900       10.34400 
H         -1.41000       12.93100       10.66000 
H         -0.04100        9.50700       10.92100 
H         -0.74200       10.89400       11.78000 
260 
 
H          0.97800       10.92600       11.29800 
H         -6.91900        7.55100        7.72300 
H         -5.49500        7.12100        8.71300 
H         -6.78200        8.14100        9.40200 
H         -9.25500        6.70000        8.38000 
H         -8.94700        7.26500       10.03900 
H         -9.44700        5.58000        9.76400 
H         -5.78100        5.41700       10.69700 
H         -7.42200        4.82900       11.10300 
H         -7.00200        6.54600       11.36400 
H         -4.63600        2.76700        7.05500 
O         -1.78000       11.83200        2.04500 
C         -1.92900       11.27200        0.81300 
C         -0.47400       11.68900        2.70500 
C         -0.01900       10.22700        2.63900 
O         -0.23400        9.60700        1.44400 
O          0.50900        9.62500        3.55900 
C         -0.74600       10.42100        0.33700 
O         -2.94700       11.46000        0.16800 
C         -0.61600       12.21600        4.12300 
H          0.25900       12.29600        2.13600 
C         -1.11200        9.47500       -0.79500 
H          0.06300       11.11000        0.01800 
H         -1.90700        8.78300       -0.47900 
H         -0.22800        8.89700       -1.10200 
H         -1.47600       10.05700       -1.65400 
H         -1.36300       11.63900        4.69100 
H         -0.92000       13.27300        4.09500 
261 
 
H          0.35200       12.13800        4.64100 
 
135 
R-Lactic Acid/TS E = -3390.44181253 
O          5.14800        3.30300      -11.53600 
C          1.52900       -6.74000      -10.99200 
C          1.94900       -5.43500      -10.71400 
C          5.36600        2.20700      -11.05100 
O          5.86100        1.18700      -11.80500 
C          2.24300       -7.82500      -10.45800 
C          5.02200        3.08600       -8.69200 
C          5.13500        1.85300       -9.57400 
C          3.09000       -5.23400       -9.93100 
C          5.88500       -0.14600      -11.17400 
O          3.25700       -1.84900       -9.78600 
C          6.54200       -1.08100      -12.17200 
C          1.28700       -0.48500       -8.62500 
C          8.16300       -5.83100      -13.83700 
C          3.37800       -7.66900       -9.63800 
C          3.82200       -6.32300       -9.39600 
C          4.78500       -2.33700       -6.89100 
C          3.52800       -1.25700       -8.74900 
O          6.26600        1.06700       -9.08500 
C          8.54200       -7.16100      -13.59100 
C          6.64300       -0.02800       -9.83300 
O          2.62800       -0.48600       -8.07000 
C          3.46500      -10.23500       -9.52400 
C          8.70000       -4.79400      -13.06000 
262 
 
C          4.88200       -1.27900       -8.01000 
C          6.08000       -4.48200      -10.06400 
C          4.09200       -8.90600       -9.04000 
O          5.93100       -1.53000       -8.92100 
N          4.90500       -6.07700       -8.52400 
O          7.86900       -0.37200       -9.72400 
C          5.86000       -5.22800       -8.77600 
C          9.46100       -7.44400      -12.56900 
C          3.96300       -8.86800       -7.49200 
C          5.58500       -8.93400       -9.45800 
C          9.62100       -5.05500      -12.01500 
Fe         7.97400       -2.17700       -8.79600 
C          9.99300       -6.40100      -11.79200 
O          9.12100       -3.02400       -9.96200 
C         10.95700        0.11100      -12.82700 
C         10.51400       -0.89700      -11.95400 
Si        10.28600       -3.60900      -10.97400 
C         11.76400       -0.21500      -13.92900 
C          6.89100       -5.10400       -7.68300 
C         10.86300       -2.25200      -12.16700 
C         12.11900       -1.55400      -14.16100 
C         11.66800       -2.56000      -13.29100 
N          7.68900       -4.00000       -7.60100 
C          7.14900        0.35000       -5.73700 
C          7.05200       -6.20100       -6.81100 
N          9.06600       -1.68800       -7.17300 
C          8.69500       -3.98800       -6.65600 
C         11.76100       -4.22100       -9.93700 
263 
 
C          9.84600       -0.47300       -7.12400 
C          8.53600        0.56500       -5.08800 
C         10.84800       -0.36500       -8.11100 
C          9.63300        0.57900       -6.18400 
C         11.56100       -5.14200       -8.87900 
C          8.47700        1.90000       -4.30800 
C          8.08600       -6.19700       -5.86800 
C          9.51600       -2.77600       -6.55100 
C         11.67300        0.76000       -8.19400 
C         10.49300        1.69600       -6.30000 
C         11.49500        1.79900       -7.27500 
C          8.93000       -5.09000       -5.80400 
C         13.08200       -3.77700      -10.17300 
C          8.79800       -0.55700       -4.04700 
C         12.63300       -5.60800       -8.10100 
C         10.81700       -2.83600       -5.78600 
C         14.15900       -4.23200       -9.39400 
C         13.93800       -5.15100       -8.35700 
H          4.20100        3.68700       -9.02300 
H          5.92700        3.65300       -8.75400 
H          4.85900        2.78600       -7.67800 
H          5.96100       -1.10900      -13.07000 
H          6.60100       -2.06400      -11.75400 
H          7.52700       -0.72900      -12.39500 
H          4.91600       -0.53500      -10.94200 
H          4.21600        1.30800       -9.52400 
H          5.26500       -4.67300      -10.73100 
H          6.99400       -4.81000      -10.51400 
264 
 
H          6.13800       -3.43300       -9.86300 
H          5.71100       -2.37800       -6.35700 
H          4.58000       -3.29400       -7.32200 
H          3.99700       -2.07300       -6.21800 
H          5.10200       -0.33100       -7.56500 
H          0.70059       -6.90424      -11.58512 
H          1.42183       -4.62829      -11.08323 
H          1.92138       -8.78098      -10.67637 
H          3.40615       -4.27068       -9.73839 
H          0.65560        0.14214       -8.03093 
H          0.90032       -1.48269       -8.62516 
H          1.31642       -0.11372       -9.62809 
H          7.48965       -5.61688      -14.58918 
H          8.14648       -7.92637      -14.15916 
H          3.53634      -10.29568      -10.58989 
H          2.43601      -10.27081       -9.23279 
H          3.98901      -11.05765       -9.08405 
H          8.41840       -3.82019      -13.25343 
H          9.74643       -8.41906      -12.38785 
H          2.92814       -8.84903       -7.22070 
H          4.44664       -7.99106       -7.11521 
H          4.42539       -9.73775       -7.07410 
H          5.65613       -8.95998      -10.52532 
H          6.05391       -9.80401       -9.04800 
H          6.07516       -8.05733       -9.08911 
H         10.66861       -6.62166      -11.04375 
H         10.68869        1.09306      -12.65792 
H          9.92494       -0.64538      -11.14485 
265 
 
H         12.09498        0.52644      -14.56599 
H         12.71089       -1.79844      -14.97028 
H         11.92792       -3.54182      -13.47402 
H          6.96736        1.12265       -6.45458 
H          6.39271        0.38068       -4.98070 
H          7.12719       -0.60209       -6.22479 
H          6.40813       -7.00547       -6.86836 
H         10.97473       -1.13424       -8.78719 
H         10.60652       -5.47768       -8.67575 
H          8.29718        2.70420       -4.99051 
H          9.40758        2.06054       -3.80486 
H          7.68545        1.85845       -3.58924 
H          8.69995       -7.04964       -6.07044 
H         12.40192        0.82301       -8.92183 
H         10.37691        2.47480       -5.63290 
H         12.09733        2.63606       -7.31433 
H          9.71985       -5.07538       -5.13996 
H         13.25934       -3.10352      -10.93458 
H          8.84645       -1.50228       -4.54601 
H          8.00298       -0.57198       -3.33103 
H          9.72511       -0.36989       -3.54664 
H         12.46319       -6.28574       -7.34148 
H         11.28737       -1.87515       -5.80638 
H         11.46338       -3.55919       -6.23777 
H         10.62188       -3.11616       -4.77193 
H         15.11379       -3.88990       -9.58471 





R-Lactic Acid/Insertion of L-Lactide E = -3390.45816948 
O          2.02900       -7.29400        4.67700 
C          1.37100       -8.18900        5.19300 
O          0.97800       -9.25900        4.45400 
H         -0.48100      -11.05800        3.24100 
H         -3.24900      -14.76500        6.45400 
H         -4.15300      -17.11800        6.19900 
H         -0.79700       -9.82400        5.40200 
H          1.40400       -6.14900        7.07600 
H         -0.19400       -8.00700        6.63300 
C          0.17900      -10.27800        5.14400 
C         -0.00700      -11.42400        4.16600 
C          0.90200       -8.20700        6.65400 
C         -2.62600      -15.64100        6.66100 
C         -3.12100      -16.94300        6.52200 
H         -0.17200      -11.53700        9.88200 
C          1.59200       -7.14700        7.50100 
H         -1.96100      -11.41400        9.87000 
C         -1.08300      -11.77200        9.31000 
H          0.96900      -11.87000        3.92600 
H         -0.65800      -12.18500        4.62100 
H          2.67800       -7.32100        7.52900 
H          3.15700      -16.23200        1.51600 
H          1.19600       -7.17500        8.52800 
C          0.93000      -10.67900        6.44900 
C         -1.30000      -15.45500        7.06700 
H         -1.15800      -12.86600        9.19600 
267 
 
O          1.14700       -9.49700        7.26400 
C         -2.28600      -18.03700        6.80700 
H         -0.91500      -14.43900        7.18800 
H         -0.90600      -10.00000        8.07500 
H         -2.70100      -19.04100        6.69000 
C         -1.00900      -11.09000        7.93300 
C          4.16100      -15.91300        1.81800 
O         -3.29100      -10.53700        7.58800 
H          5.17400      -17.38100        0.57500 
O          2.09200      -11.28500        6.15800 
O          0.13400      -11.60400        7.23900 
C         -0.44900      -16.55300        7.35300 
H          0.78000      -15.18600        5.42900 
C         -0.95300      -17.89400        7.24300 
H          3.42700      -14.36500        3.14000 
H         -5.25200       -9.99700        7.43300 
H          1.14300      -13.65300        6.25200 
C          5.29200      -16.55800        1.28900 
C         -2.30800      -11.36900        7.15600 
C          4.31700      -14.85900        2.73300 
C         -4.59800      -10.76100        6.99400 
C          1.51100      -14.68100        6.07900 
H          2.01000      -10.04400        9.54200 
H         -4.96300      -11.77100        7.23700 
H         -1.13500      -20.56000        6.22700 
H          1.99600      -10.86300       11.13800 
H         -1.75700      -20.56300        7.90700 
C          2.61000      -10.64400       10.24600 
268 
 
N          0.84200      -16.31400        7.87100 
C         -0.84800      -20.46200        7.28900 
Fe         3.46700      -12.37800        6.82200 
H          2.84100      -11.60200        9.75500 
C          1.67000      -15.44600        7.37100 
O         -2.46900      -12.23400        6.30300 
H          2.48100      -14.59800        5.56000 
C         -0.09400      -19.14000        7.57000 
C          6.57600      -16.14500        1.68300 
H          3.92500      -10.58000        4.33100 
H         -4.54700      -10.64700        5.90000 
C          5.60100      -14.42500        3.14600 
H          2.83900       -7.95000       10.92100 
H          3.83700       -8.46500        3.03600 
H          0.94000      -19.16900        5.62700 
O          4.50800      -13.01100        5.41000 
H         -0.63000      -19.22400        9.70200 
C          4.69500      -10.38100        3.57700 
C          1.19200      -19.15600        6.70100 
C          4.63900       -9.18500        2.83800 
C          0.27700      -19.13000        9.07900 
H          7.46200      -16.64600        1.27700 
C          3.42200       -8.66700       11.52300 
H          2.77300       -9.02600       12.34000 
C          6.72500      -15.09100        2.60100 
C          3.88900       -9.88400       10.68300 
H         -0.18800      -21.31100        7.53500 
C          2.95500      -15.29300        8.13500 
269 
 
Si         5.76400      -12.95700        4.34300 
H          0.79100      -18.19700        9.35700 
H          1.82600      -18.27800        6.89300 
N          3.63800      -14.11900        8.07200 
C          4.73400       -9.44000        9.45900 
C          5.17800       -8.10000        9.35900 
C          5.72000      -11.33200        3.35700 
N          4.71500      -11.67600        8.30500 
C          5.12700      -10.30200        8.38900 
H          4.91300       -7.39700       10.15100 
C          5.61200       -8.91800        1.86000 
C          5.94200       -7.61700        8.28500 
C          5.88400       -9.81700        7.30100 
C          6.29600       -8.48100        7.24200 
H          1.78500      -20.06200        6.92200 
H          5.57200       -7.98700        1.28400 
C          4.73100      -10.78800       11.62400 
H          6.24800       -6.56600        8.26800 
H          4.15000      -11.02200       12.53400 
H          4.26400       -8.12800       11.99000 
H          0.93900      -19.98400        9.31200 
H          6.14100      -10.51600        6.50000 
C          3.45300      -16.39300        8.86800 
H          2.86000      -17.30900        8.89800 
H          7.73300      -14.78900        2.90700 
H          4.99700      -11.74400       11.14900 
H          6.88200       -8.12700        6.38800 
C          6.68500      -11.04400        2.36100 
270 
 
C          4.83400      -14.00600        8.73900 
C          6.63600       -9.85100        1.62100 
C          5.45400      -12.66000        8.77600 
H          7.09800      -15.16900        5.85200 
C          7.44700      -13.11100        5.22400 
C          7.79000      -14.31900        5.88400 
H          5.66200      -10.28400       11.93400 
H          7.48900      -11.76200        2.15500 
C          4.70100      -16.30300        9.48900 
H          7.39500       -9.65000        0.85600 
C          5.41000      -15.09800        9.41700 
C          6.84600      -12.49300        9.32600 
C          8.38100      -12.05000        5.28000 
H          7.13700      -11.43500        9.33000 
H          8.15300      -11.10600        4.77000 
H          5.12100      -17.16000       10.02300 
C          9.00900      -14.45800        6.57000 
H          6.93400      -12.88500       10.35300 
H          6.38600      -14.99800        9.89500 
H          9.25400      -15.40500        7.06400 
H          7.56100      -13.05200        8.69400 
C          9.60200      -12.18100        5.96400 
C          9.91900      -13.38600        6.61100 
H         10.30800      -11.34300        5.98800 
H         10.87100      -13.49400        7.14100 
 
135 
S-Lactic Acid/Coordination of L-Lactide E = -3390.45718755 
271 
 
H          4.70500      -10.69300      -14.14500 
O          8.70300       -4.94400       -5.48700 
H          4.55000       -9.57200      -11.89200 
C          4.84600      -11.26700      -13.22400 
C          4.76500      -10.64200      -11.97300 
C          8.54800       -6.15600       -5.50000 
H          6.71800       -5.22300       -3.61100 
O          9.20800       -6.92700       -6.40300 
C          5.10200      -12.64600      -13.29300 
H          5.15500      -13.10700      -14.28200 
C          7.25300       -6.13500       -3.30800 
H          9.78900       -8.55800       -8.39600 
C          7.63500       -6.92800       -4.54500 
C          4.96500      -11.40300      -10.81600 
H          4.14000       -7.82100       -8.96200 
H          6.74100       -7.25300       -5.11400 
H         11.72200      -11.09200      -11.79300 
H          8.14900       -5.84000       -2.74000 
C          8.85800       -8.35800       -6.46400 
H          7.82100       -8.44600       -6.84400 
H          4.87300      -10.93900       -9.82800 
O          5.58900       -8.28000       -6.82700 
C          9.85700       -9.01800       -7.39800 
H          4.66700      -11.92800       -4.66400 
C          3.37800       -8.27100       -8.30800 
H          6.59400       -6.73500       -2.66200 
H         10.88300       -8.90500       -7.01500 
C         11.48100      -12.01600      -11.25600 
272 
 
C          5.28000      -13.45600      -12.15200 
H         11.20300      -13.18600      -13.06600 
C          5.23200      -12.79400      -10.88000 
C          4.42200      -10.95700       -5.12400 
C          5.00700       -9.35600       -6.95700 
H          3.09900       -7.54800       -7.52600 
O          8.32500       -8.14900       -4.09400 
H          3.37600      -10.98100       -5.47300 
H          4.66700      -15.20800      -14.32900 
H          2.49600       -8.57200       -8.88800 
C         11.19100      -13.19100      -11.97000 
H          6.43700      -14.93900      -14.30800 
C          8.84200       -8.95100       -5.05600 
H          7.44000      -11.95700       -9.89900 
H         11.71800      -11.10700       -9.31000 
O          3.88100       -9.49600       -7.70800 
H          9.64000      -10.09500       -7.47700 
C          5.59900      -15.42100      -13.77600 
C         11.47000      -12.02800       -9.85100 
H          7.14500      -11.34600       -8.24400 
C          5.39700      -10.69800       -6.30000 
H          4.52800      -10.17400       -4.35600 
C          7.30500      -12.25700       -8.84900 
C          5.51600      -14.98000      -12.29500 
O          6.73100      -10.67900       -5.90800 
N          5.30600      -13.51200       -9.66900 
H          3.38700      -15.52000      -12.16900 
O          9.26800      -10.06400       -4.75400 
273 
 
C          6.15400      -13.22000       -8.72400 
C         10.89200      -14.37300      -11.27200 
H          7.70100      -14.83700      -12.03900 
H          5.76300      -16.51100      -13.81700 
C          4.33200      -15.74600      -11.64500 
H          8.23300      -12.71100       -8.46200 
C          6.84800      -15.39700      -11.61700 
C         11.16400      -13.20500       -9.12200 
H          4.21500      -15.46900      -10.58600 
H         10.67600      -15.29500      -11.82200 
Fe         8.09600      -12.00000       -5.82100 
C         10.88000      -14.37500       -9.86600 
O          9.70100      -12.52200       -6.66600 
H         13.50000       -9.74600       -4.33500 
C         13.61300      -10.47200       -5.14800 
H          6.82800      -15.22200      -10.53200 
H         11.52000      -11.03900       -5.12700 
C         12.49800      -11.20600       -5.59100 
H          4.50600      -16.83500      -11.70600 
Si        11.10900      -13.16200       -7.21400 
C         14.86900      -10.66600       -5.74700 
C          5.99800      -14.02900       -7.46000 
H          7.03200      -16.47400      -11.78300 
C         12.61200      -12.14800       -6.64200 
H          7.35600       -9.89700       -2.27700 
H         15.73800      -10.09400       -5.40200 
C         15.00500      -11.59200       -6.79500 
C         13.88700      -12.31900       -7.23800 
274 
 
N          6.82000      -13.80200       -6.39700 
C          6.74900      -10.81600       -2.30700 
H          6.75900      -11.18000       -3.34600 
H          4.36500      -15.16000       -8.29700 
H          5.70700      -10.55200       -2.04600 
H         10.65300      -15.30900       -9.33800 
C          5.01900      -15.05100       -7.43000 
H         15.98000      -11.74300       -7.27200 
H         14.00900      -13.02400       -8.07000 
N          8.11600      -13.17700       -4.00100 
H          9.20300      -15.44900       -6.98400 
H          7.86000      -10.31700        0.17100 
C          6.74400      -14.64300       -5.32200 
C         11.28600      -14.95900       -6.59200 
C          9.06300      -12.90700       -2.94500 
C          7.28600      -11.86600       -1.30600 
C         10.39700      -13.27100       -3.23200 
H         10.60600      -13.74700       -4.19500 
C          8.72400      -12.28300       -1.70600 
C         10.16700      -15.82800       -6.62100 
C          7.23900      -11.22600        0.10400 
C          4.93600      -15.89900       -6.32900 
H          6.19900      -10.93100        0.32500 
C          7.65900      -14.39100       -4.16600 
C         11.43000      -13.02800       -2.32000 
C          9.79900      -12.05900       -0.81400 
C         11.12600      -12.41300       -1.09900 
H         12.45500      -13.31800       -2.56900 
275 
 
C          5.83400      -15.71500       -5.26900 
H          9.59300      -11.59100        0.15000 
C         12.50600      -15.48400       -6.10300 
H         13.39200      -14.84000       -6.06000 
C          6.33700      -13.09400       -1.27100 
H         11.91200      -12.20900       -0.36400 
H          4.19500      -16.70300       -6.29600 
H          6.16300      -13.51600       -2.27200 
H          5.35300      -12.79100       -0.87000 
C         10.26200      -17.16300       -6.19300 
H          7.55800      -11.92800        0.89500 
C          7.97400      -15.55500       -3.25700 
H          9.38300      -17.81700       -6.23700 
H          5.80700      -16.38000       -4.40400 
C         12.60800      -16.81700       -5.66700 
H          8.74000      -15.28100       -2.52000 
H          6.73600      -13.89000       -0.61800 
H          8.33600      -16.41400       -3.84700 
C         11.48600      -17.66000       -5.71200 
H          7.07300      -15.88100       -2.71000 
H         13.56400      -17.19700       -5.28900 
H         11.56300      -18.69900       -5.37400 




S-Lactic Acid/TS E = -3390.43955808 
O          5.72500        3.62700      -11.58400 
276 
 
C          1.25100       -6.78900       -9.96100 
C          1.63800       -5.54700       -9.44300 
C          5.76500        2.50500      -11.10100 
O          6.23700        1.45400      -11.82600 
C          2.12800       -7.88300       -9.86300 
C          5.17300        3.37000       -8.77900 
C          5.32100        2.15000       -9.67300 
C          2.90500       -5.41600       -8.86300 
C          6.09100        0.12000      -11.20600 
C          6.72400       -0.88200      -12.14900 
O          5.20200       -2.90200       -6.70400 
C          7.88400       -5.87800      -13.69600 
C          3.40100       -7.80100       -9.25900 
C          3.80000       -6.51200       -8.77400 
C          4.64400       -1.83400       -6.93100 
C          3.38900       -1.31900       -9.02300 
O          6.32800        1.27900       -9.07000 
O          3.83100       -1.20500       -6.04000 
C          8.75200       -6.93100      -14.03400 
C          6.74900        0.18200       -9.81100 
C          3.65800      -10.30100       -9.79300 
C          8.28200       -4.91300      -12.75700 
C          4.70100       -1.04400       -8.24500 
C          5.85700       -4.57200       -9.65600 
C          4.29600       -9.05700       -9.12900 
O          5.84900       -1.33900       -9.00900 
N          5.01100       -6.31800       -8.07600 
O          7.92900       -0.21600       -9.59000 
277 
 
C          5.87400       -5.40300       -8.40500 
C         10.01600       -7.01000      -13.42700 
C          4.49500       -9.38300       -7.62300 
C          5.67100       -8.83100       -9.81000 
C          9.55000       -4.97200      -12.12800 
Fe         7.80500       -2.19400       -8.71900 
C         10.40600       -6.04200      -12.48400 
O          8.75000       -3.08400      -10.07700 
C         11.17200        0.17700      -12.45000 
C         10.55000       -0.84400      -11.70700 
Si        10.07200       -3.60400      -10.91000 
C         12.14200       -0.14100      -13.41500 
C          7.04200       -5.27100       -7.46500 
C         10.88200       -2.20400      -11.91500 
C         12.48500       -1.48600      -13.63900 
C         11.85800       -2.50200      -12.89800 
N          7.79400       -4.14100       -7.46500 
C          7.13700        0.11100       -5.65200 
C          7.33800       -6.36500       -6.61900 
N          9.12100       -1.74200       -7.13700 
C          8.85900       -4.07200       -6.61100 
C         11.40300       -4.33700       -9.75500 
C          9.85200       -0.49700       -7.13200 
C          8.52200        0.53300       -5.10500 
C         10.85400       -0.38300       -8.11900 
C          9.57600        0.58400       -6.24200 
C         11.16000       -5.55100       -9.06500 
C          8.34200        1.91200       -4.42300 
278 
 
C          8.43700       -6.30100       -5.76400 
C          9.64300       -2.80600       -6.57100 
C         11.60800        0.78600       -8.26200 
C         10.36300        1.74700       -6.42000 
C         11.35600        1.86300       -7.40300 
C          9.21500       -5.13900       -5.76200 
C         12.64400       -3.69500       -9.52600 
C          8.97000       -0.46800       -4.00400 
C         12.10800       -6.09800       -8.18400 
C         10.98100       -2.82300       -5.87200 
C         13.59900       -4.23400       -8.64500 
C         13.33300       -5.43800       -7.97200 
C          3.61000       -1.91400       -4.79300 
H          4.44000        4.03000       -9.19400 
H          6.11200        3.87800       -8.71000 
H          4.86200        3.06100       -7.80300 
H          6.21100       -0.86100      -13.08800 
H          6.65500       -1.86300      -11.72600 
H          7.75300       -0.63000      -12.29900 
H          5.07600       -0.18300      -11.05700 
H          4.36500        1.67500       -9.75100 
H          3.40200       -0.77900       -9.94600 
H          2.55300       -1.00100       -8.43600 
H          3.30600       -2.36700       -9.22400 
H          4.78200        0.00100       -8.02800 
H          4.96700       -4.78100      -10.21100 
H          6.71300       -4.80800      -10.25300 
H          5.87900       -3.53400       -9.39500 
279 
 
H          0.32907       -6.90026      -10.41121 
H          0.99756       -4.73903       -9.48829 
H          1.82648       -8.79027      -10.25155 
H          3.19516       -4.49830       -8.49064 
H          6.95377       -5.81429      -14.13832 
H          8.46211       -7.64160      -14.72396 
H          3.50631      -10.11078      -10.83497 
H          2.71735      -10.51051       -9.32804 
H          4.30927      -11.14173       -9.67503 
H          7.63645       -4.14358      -12.51974 
H         10.65906       -7.77875      -13.67300 
H          3.54158       -9.53711       -7.16242 
H          4.99456       -8.56676       -7.14436 
H          5.08591      -10.26964       -7.52505 
H          5.52348       -8.60733      -10.84591 
H          6.26474       -9.71632       -9.71730 
H          6.17339       -8.01344       -9.33661 
H         11.33593       -6.11325      -12.04220 
H         10.91449        1.16267      -12.28520 
H          9.84062       -0.59695      -10.99935 
H         12.60033        0.60846      -13.95654 
H         13.19641       -1.72675      -14.34679 
H         12.11383       -3.48626      -13.07349 
H          6.82796        0.79989       -6.41017 
H          6.42290        0.11366       -4.85516 
H          7.20264       -0.87228       -6.06882 
H          6.74245       -7.20767       -6.63464 
H         11.03437       -1.18001       -8.74929 
280 
 
H         10.26592       -6.04465       -9.21316 
H          8.03237        2.63231       -5.15114 
H          9.27071        2.21950       -3.98960 
H          7.59857        1.83681       -3.65713 
H          8.67135       -7.09365       -5.14610 
H         12.33793        0.85393       -8.98837 
H         10.19739        2.55070       -5.79417 
H         11.89788        2.73666       -7.49300 
H         10.03979       -5.06374       -5.14631 
H         12.85268       -2.81141      -10.01666 
H          9.10572       -1.43707       -4.43687 
H          8.22030       -0.51943       -3.24229 
H          9.89245       -0.13674       -3.57475 
H         11.90633       -6.98290       -7.69277 
H         11.42318       -1.85005       -5.92443 
H         11.62369       -3.53305       -6.34916 
H         10.84445       -3.09795       -4.84698 
H         14.49498       -3.74495       -8.49309 
H         14.03194       -5.83644       -7.32566 
H          2.96135       -1.33885       -4.16582 
H          4.54614       -2.06299       -4.29667 
H          3.15958       -2.86286       -4.99718 
 
135 
S-Lactic Acid/Insertion of L-Lactide E = -3390.45462807 
H         -2.02000       -4.03400      -10.88900 
O          5.67600        4.90700      -10.98700 
H         -0.92000       -1.77700      -10.66500 
281 
 
C         -1.01000       -3.94300      -10.47600 
C         -0.39900       -2.68900      -10.35400 
C          4.74100        4.12100      -10.93900 
H          3.88800        6.30300       -9.42400 
O          4.75700        2.99500      -11.70800 
C         -0.32300       -5.09300      -10.05300 
H         -0.82600       -6.05700      -10.15400 
C          3.68200        5.32100       -8.97300 
H          3.91900        1.38000      -13.65800 
C          3.49100        4.27900      -10.06800 
C          0.89700       -2.60800       -9.83100 
H         -1.55800        4.96700       -9.64500 
H          2.64900        4.57900      -10.72800 
H          5.31800       -3.04000      -15.15400 
H          4.52800        5.05000       -8.32300 
C          3.52300        2.20600      -11.70300 
H          2.69900        2.84100      -12.07400 
H          1.37700       -1.63100       -9.71900 
O          0.51700        3.74900      -10.72300 
C          3.74800        1.02500      -12.62900 
C         -0.86000        4.96600       -8.79300 
H          2.76700        5.39300       -8.36400 
H          4.62500        0.44200      -12.30400 
C          6.30300       -3.00300      -14.67500 
C          0.97200       -5.05400       -9.49500 
H          7.08300       -4.70200      -15.78300 
C          1.60000       -3.76500       -9.40800 
H         -0.06500        1.08300       -9.73400 
282 
 
C          0.37600        3.14000       -9.66600 
H         -0.06200        5.70000       -8.98000 
O          3.16000        3.02200       -9.42400 
H         -0.17300       -7.56700       -8.74300 
H         -1.38800        5.19900       -7.85900 
C          7.29400       -3.93500      -15.03000 
H          0.58800       -7.75400      -10.35300 
C          3.16300        1.82900      -10.23700 
H          3.16000       -2.75900      -11.31400 
H          5.79700       -1.29900      -13.44200 
O         -0.29800        3.64100       -8.59800 
H          2.85600        0.38000      -12.62400 
C          0.79100       -7.60700       -9.27800 
C          6.57700       -2.02100      -13.70800 
H          3.57000       -1.18300      -10.58500 
C          0.81300        1.68200       -9.41800 
C          3.86000       -2.24800      -10.63400 
C          1.66000       -6.35400       -9.01300 
O          1.81500        1.29000      -10.35700 
N          2.85400       -3.61400       -8.77900 
H          0.94300       -6.21600       -6.94000 
O          3.95800        0.90400       -9.65100 
C          3.81400       -2.88700       -9.26700 
C          8.55400       -3.87900      -14.41200 
H          2.83900       -6.63800      -10.85000 
H          1.33000       -8.49900       -8.91700 
C          1.90300       -6.27500       -7.48100 
H          4.88200       -2.28700      -11.04600 
283 
 
C          3.00300       -6.56700       -9.76100 
C          7.83900       -1.94600      -13.06900 
C          1.11600        1.33200       -7.95500 
H          2.50300       -5.39100       -7.21600 
H          9.33000       -4.60500      -14.68100 
Fe         5.67800        0.16800       -9.57700 
C          8.81900       -2.89600      -13.44300 
O          6.80100       -0.16700      -11.02200 
H          7.99000        4.26800      -13.26700 
C          8.56700        3.34000      -13.34100 
H          3.71400       -5.74800       -9.57600 
H          7.18900        2.23900      -12.08900 
C          8.11800        2.19100      -12.66700 
H          2.43200       -7.18200       -7.13500 
Si         8.19600       -0.56200      -11.81200 
C          9.74900        3.29400      -14.09900 
C          5.02600       -2.77500       -8.38600 
H          3.47400       -7.50900       -9.42700 
C          8.83700        0.97400      -12.72900 
H          4.15800        2.62500       -6.87000 
H         10.10300        4.18700      -14.62500 
C         10.47600        2.09200      -14.18200 
C         10.02300        0.94800      -13.50400 
N          5.76500       -1.63200       -8.40000 
C          4.68300        1.95300       -6.17200 
H          4.88300        1.01300       -6.70900 
H          4.75700       -4.76600       -7.60000 
H          4.00600        1.72700       -5.32800 
284 
 
H          9.80400       -2.87500      -12.96200 
C          5.39200       -3.87900       -7.58700 
H         11.39600        2.04800      -14.77600 
H         10.60500        0.02200      -13.58500 
N          6.85500        0.78800       -7.98100 
H          8.60500       -3.12200      -10.30000 
H          5.05100        4.60700       -5.41400 
C          6.88200       -1.55600       -7.60400 
C          9.56700       -1.19700      -10.64900 
C          7.32700        2.14100       -7.85500 
C          5.97900        2.61000       -5.63400 
C          8.16700        2.59600       -8.89400 
H          8.41300        1.89600       -9.69900 
C          6.92500        3.01400       -6.79700 
C          9.46600       -2.48500      -10.06400 
C          5.54800        3.83900       -4.79500 
C          6.57200       -3.83000       -6.83800 
H          4.82800        3.51200       -4.02700 
C          7.53800       -0.23000       -7.50100 
C          8.66200        3.90400       -8.91000 
C          7.45500        4.32500       -6.85100 
C          8.30600        4.77400       -7.87200 
H          9.30800        4.23300       -9.72900 
C          7.33500       -2.65700       -6.85400 
H          7.18900        5.03400       -6.06300 
C         10.70600       -0.42200      -10.32300 
H         10.82300        0.57600      -10.76100 
C          6.69300        1.62800       -4.66700 
285 
 
H          8.67600        5.80400       -7.85500 
H          6.89300       -4.69300       -6.24800 
H          6.91100        0.66100       -5.14500 
H          6.04500        1.42500       -3.79600 
C         10.45700       -2.97900       -9.19900 
H          6.39500        4.31100       -4.26800 
C          8.89400       -0.12400       -6.85300 
H         10.35700       -3.98100       -8.76800 
H          8.25800       -2.58700       -6.27500 
C         11.70300       -0.90900       -9.46000 
H          9.24600        0.91700       -6.85600 
H          7.64200        2.05200       -4.29400 
H          9.62100       -0.74700       -7.40500 
C         11.58100       -2.19000       -8.89600 
H          8.87600       -0.48200       -5.81000 
H         12.57700       -0.28900       -9.23000 
H         12.36000       -2.57400       -8.22800 
H          1.38200        0.26500       -7.88600 
H          0.22700        1.51300       -7.33200 
H          1.95200        1.93000       -7.56700 
 
 
Table D.3. Cartesian coordinates for Zn-Chelated complexes of 3.10 as discussed in text. Labels and 
energies in Hartree units are also listed. 
102 
Diastereomer E = -4608.858124 
286 
 
N  -2.021  23.715  -0.330 
N  -3.869  22.961  -2.069 
N  -1.209  21.743   1.234 
C  -2.635  24.688  -1.032 
C  -2.216  26.017  -0.901 
H  -2.710  26.807  -1.443 
C  -1.138  26.304  -0.062 
H  -0.796  27.323   0.048 
C  -0.506  25.277   0.639 
H   0.320  25.488   1.299 
C  -0.987  23.971   0.496 
C  -3.733  24.239  -1.941 
C  -4.614  25.283  -2.575 
H  -5.403  24.813  -3.155 
H  -4.057  25.953  -3.232 
H  -5.080  25.894  -1.799 
C  -4.835  22.348  -2.942 
C  -5.907  21.691  -2.320 
H  -5.960  21.687  -1.240 
C  -6.887  21.066  -3.080 
H  -7.710  20.573  -2.578 
C  -6.811  21.065  -4.478 
C  -5.719  21.702  -5.077 
H  -5.655  21.680  -6.154 
C  -4.701  22.343  -4.351 
C  -7.865  20.374  -5.313 
H  -7.829  19.290  -5.177 
H  -7.729  20.578  -6.376 
287 
 
H  -8.871  20.700  -5.037 
C  -3.528  23.031  -5.076 
H  -3.514  24.052  -4.692 
C  -3.752  23.178  -6.603 
H  -3.735  22.214  -7.111 
H  -2.949  23.780  -7.030 
H  -4.701  23.671  -6.825 
C  -2.111  22.469  -4.825 
C  -1.810  21.085  -4.849 
C  -0.485  20.669  -4.670 
H  -0.282  19.606  -4.663 
C   0.568  21.565  -4.482 
C   0.265  22.927  -4.497 
H   1.066  23.650  -4.382 
C  -1.045  23.392  -4.670 
C  -2.851  20.004  -5.046 
H  -2.360  19.053  -5.255 
H  -3.529  20.216  -5.872 
H  -3.446  19.863  -4.144 
C   1.981  21.071  -4.262 
H   2.082  20.588  -3.286 
H   2.700  21.890  -4.305 
H   2.269  20.334  -5.016 
C  -1.251  24.896  -4.715 
H  -0.291  25.408  -4.655 
H  -1.860  25.260  -3.883 
H  -1.735  25.226  -5.637 
C  -0.462  22.796   1.257 
288 
 
C   0.858  22.929   1.960 
H   0.795  23.634   2.790 
H   1.622  23.287   1.266 
H   1.175  21.971   2.360 
C  -0.910  20.529   1.953 
C  -0.217  19.521   1.271 
H   0.102  19.697   0.255 
C  -0.011  18.281   1.866 
H   0.515  17.510   1.317 
C  -0.520  18.013   3.142 
C  -1.206  19.036   3.806 
H  -1.598  18.828   4.791 
C  -1.406  20.313   3.258 
C  -0.366  16.645   3.769 
H   0.632  16.237   3.599 
H  -1.083  15.935   3.344 
H  -0.537  16.677   4.846 
C  -2.200  21.398   4.007 
H  -2.892  21.790   3.261 
C  -3.096  20.835   5.138 
H  -2.519  20.448   5.979 
H  -3.738  20.040   4.758 
H  -3.737  21.629   5.522 
C  -1.384  22.603   4.529 
C  -1.911  23.908   4.329 
C  -1.203  25.028   4.791 
H  -1.627  26.012   4.626 
C   0.007  24.913   5.480 
289 
 
C   0.492  23.624   5.711 
H   1.415  23.501   6.267 
C  -0.177  22.473   5.264 
C  -3.252  24.149   3.665 
H  -3.471  25.217   3.632 
H  -4.067  23.667   4.209 
H  -3.315  23.761   2.648 
C   0.731  26.132   6.008 
H   0.425  26.360   7.033 
H   0.521  27.016   5.404 
H   1.812  25.982   6.020 
C   0.454  21.141   5.618 
H   1.274  21.293   6.321 
H   0.855  20.621   4.748 
H  -0.256  20.461   6.088 
Zn  -2.816  21.809  -0.370 
Cl  -4.714  21.965   1.064 
Cl  -2.216  19.887  -1.487 
 
102 
R,R-enantiomer E = -4608.869466 
N  -1.301  24.846   0.072 
N  -2.922  24.557  -1.996 
N  -0.769  22.516   1.202 
C  -1.643  25.966  -0.593 
C  -1.186  27.211  -0.146 
H  -1.462  28.116  -0.663 
290 
 
C  -0.369  27.259   0.984 
H  -0.013  28.211   1.353 
C   0.004  26.079   1.631 
H   0.651  26.106   2.493 
C  -0.481  24.861   1.141 
C  -2.471  25.755  -1.822 
C  -2.662  26.910  -2.762 
H  -3.172  26.589  -3.664 
H  -1.698  27.339  -3.044 
H  -3.262  27.695  -2.297 
C  -3.665  24.141  -3.161 
C  -2.931  23.658  -4.252 
H  -1.853  23.647  -4.196 
C  -3.589  23.127  -5.358 
H  -3.007  22.746  -6.188 
C  -4.986  23.050  -5.388 
C  -5.696  23.544  -4.286 
H  -6.775  23.484  -4.307 
C  -5.075  24.108  -3.162 
C  -5.708  22.414  -6.555 
H  -6.735  22.774  -6.636 
H  -5.750  21.327  -6.445 
H  -5.203  22.625  -7.499 
C  -5.874  24.593  -1.945 
H  -5.357  24.141  -1.099 
C  -7.315  24.032  -1.877 
H  -7.961  24.424  -2.664 
H  -7.765  24.306  -0.922 
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H  -7.302  22.944  -1.943 
C  -5.877  26.118  -1.703 
C  -6.204  27.068  -2.704 
C  -6.204  28.436  -2.388 
H  -6.456  29.145  -3.168 
C  -5.907  28.913  -1.109 
C  -5.610  27.966  -0.124 
H  -5.397  28.301   0.885 
C  -5.601  26.590  -0.392 
C  -6.565  26.694  -4.128 
H  -6.923  27.574  -4.665 
H  -7.352  25.942  -4.171 
H  -5.716  26.289  -4.680 
C  -5.957  30.391  -0.791 
H  -5.661  30.996  -1.649 
H  -5.298  30.643   0.042 
H  -6.968  30.701  -0.510 
C  -5.315  25.646   0.758 
H  -5.124  26.211   1.671 
H  -4.455  25.002   0.573 
H  -6.155  24.976   0.958 
C  -0.114  23.517   1.688 
C   1.000  23.435   2.691 
H   0.714  23.913   3.630 
H   1.895  23.934   2.313 
H   1.247  22.400   2.903 
C  -0.496  21.139   1.537 
C   0.453  20.465   0.756 
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H   0.964  21.001  -0.030 
C   0.675  19.103   0.943 
H   1.403  18.596   0.323 
C  -0.060  18.386   1.895 
C  -0.999  19.083   2.665 
H  -1.567  18.530   3.398 
C  -1.236  20.459   2.527 
C   0.128  16.894   2.060 
H   1.178  16.611   1.969 
H  -0.425  16.342   1.294 
H  -0.229  16.551   3.032 
C  -2.304  21.189   3.353 
H  -2.866  21.754   2.610 
C  -3.340  20.246   4.010 
H  -2.912  19.635   4.806 
H  -3.785  19.588   3.263 
H  -4.140  20.840   4.453 
C  -1.776  22.209   4.386 
C  -2.379  23.494   4.425 
C  -1.942  24.446   5.358 
H  -2.420  25.419   5.369 
C  -0.934  24.170   6.285 
C  -0.369  22.892   6.257 
H   0.402  22.642   6.977 
C  -0.771  21.908   5.340 
C  -3.515  23.876   3.499 
H  -3.836  24.899   3.697 
H  -4.385  23.229   3.629 
293 
 
H  -3.245  23.806   2.445 
C  -0.507  25.194   7.313 
H  -1.070  25.077   8.244 
H  -0.678  26.212   6.958 
H   0.551  25.096   7.560 
C  -0.089  20.557   5.441 
H   0.535  20.521   6.335 
H   0.547  20.346   4.581 
H  -0.805  19.738   5.509 
Zn  -2.007  23.027  -0.613 
Cl  -3.977  21.968   0.048 




Appendix E: Crystallographic Data 
E.1 Chapter 3 
Table E.1. Crystal data and structure refinement for 3.8 
Identification code  C45H51N3 
Empirical formula  C45 H51 N3 
Formula weight  633.89 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 8.3718(3) Å a= 91.2900(15)°. 
 b = 20.3919(7) Å b= 98.3007(18)°. 
 c = 21.6073(8) Å g = 91.1040(16)°. 
Volume 3648.2(2) Å3 
Z 4 
Density (calculated) 1.154 Mg/m3 
Absorption coefficient 0.504 mm-1 
F(000) 1368 
Crystal size 0.380 x 0.100 x 0.070 mm3 
Theta range for data collection 2.168 to 66.909°. 
Index ranges -9<=h<=9, -24<=k<=24, 0<=l<=25 
Reflections collected 12746 
Independent reflections 12746 [R(int) = ?] 
Completeness to theta = 66.909° 98.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7528 and 0.4892 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12746 / 0 / 890 
Goodness-of-fit on F2 1.008 
Final R indices [I>2sigma(I)] R1 = 0.0713, wR2 = 0.1904 
R indices (all data) R1 = 0.0884, wR2 = 0.2044 
Extinction coefficient n/a 
Largest diff. peak and hole 0.213 and -0.319 e.Å-3 
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N(1)-C(1)  1.345(3) 
N(1)-C(5)  1.346(3) 
N(2)-C(6)  1.279(3) 
N(2)-C(8)  1.426(3) 
N(3)-C(26)  1.278(3) 
N(3)-C(28)  1.419(3) 
C(1)-C(2)  1.394(4) 
C(1)-C(6)  1.490(4) 
C(2)-C(3)  1.380(4) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.388(4) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.388(4) 
C(4)-H(4)  0.9500 
C(5)-C(26)  1.502(4) 
C(6)-C(7)  1.497(4) 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 




C(8)-C(13)  1.404(4) 
C(9)-C(10)  1.380(4) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.386(4) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.392(4) 
C(11)-C(14)  1.512(4) 
C(12)-C(13)  1.394(4) 
C(12)-H(12)  0.9500 
C(13)-C(15)  1.525(4) 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-C(16)  1.530(4) 
C(15)-C(17)  1.534(4) 
C(15)-H(15)  1.0000 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(17)-C(18)  1.408(4) 
C(17)-C(22)  1.409(4) 
C(18)-C(19)  1.393(4) 
C(18)-C(23)  1.515(4) 
C(70)-C(67)  1.515(4) 
C(70)-H(70A)  0.9800 
C(70)-H(70B)  0.9800 
C(70)-H(70C)  0.9800 
C(19)-C(20)  1.385(4) 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.387(4) 
C(20)-C(24)  1.508(4) 
C(21)-C(22)  1.395(4) 
C(21)-H(21)  0.9500 
C(22)-C(25)  1.519(4) 




C(23)-H(23B)  0.9800 
C(23)-H(23C)  0.9800 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(26)-C(27)  1.502(4) 
C(27)-H(27A)  0.9800 
C(27)-H(27B)  0.9800 
C(27)-H(27C)  0.9800 
C(28)-C(29)  1.394(4) 
C(28)-C(33)  1.400(4) 
C(29)-C(30)  1.393(4) 
C(29)-H(29)  0.9500 
C(30)-C(31)  1.387(4) 
C(30)-H(30)  0.9500 
C(31)-C(32)  1.394(4) 
C(31)-C(34)  1.509(4) 
C(32)-C(33)  1.397(4) 
C(32)-H(32)  0.9500 
C(33)-C(35)  1.528(4) 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
C(35)-C(37)  1.531(4) 
C(35)-C(36)  1.538(4) 
C(35)-H(35)  1.0000 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9800 
C(36)-H(36C)  0.9800 
C(37)-C(42)  1.404(4) 
C(37)-C(38)  1.406(4) 




C(38)-C(43)  1.516(4) 
C(39)-C(40)  1.388(4) 
C(39)-H(39)  0.9500 
C(40)-C(41)  1.388(4) 
C(40)-C(44)  1.512(4) 
C(41)-C(42)  1.403(4) 
C(41)-H(41)  0.9500 
C(42)-C(45)  1.508(4) 
C(43)-H(43A)  0.9800 
C(43)-H(43B)  0.9800 
C(43)-H(43C)  0.9800 
C(44)-H(44A)  0.9800 
C(44)-H(44B)  0.9800 
C(44)-H(44C)  0.9800 
C(45)-H(45A)  0.9800 
C(45)-H(45B)  0.9800 
C(45)-H(45C)  0.9800 
N(4)-C(46)  1.344(3) 
N(4)-C(50)  1.347(3) 
N(5)-C(51)  1.278(3) 
N(5)-C(53)  1.430(3) 
N(6)-C(71)  1.275(3) 
N(6)-C(73)  1.420(3) 
C(46)-C(47)  1.395(4) 
C(46)-C(51)  1.498(4) 
C(47)-C(48)  1.381(4) 
C(47)-H(47)  0.9500 
C(48)-C(49)  1.381(4) 
C(48)-H(48)  0.9500 
C(49)-C(50)  1.391(4) 
C(49)-H(49)  0.9500 
C(50)-C(71)  1.494(4) 
C(51)-C(52)  1.506(4) 
C(52)-H(52A)  0.9800 




C(52)-H(52C)  0.9800 
C(53)-C(54)  1.393(4) 
C(53)-C(58)  1.409(4) 
C(54)-C(55)  1.386(4) 
C(54)-H(54)  0.9500 
C(55)-C(56)  1.384(4) 
C(55)-H(55)  0.9500 
C(56)-C(57)  1.390(4) 
C(56)-C(59)  1.511(4) 
C(57)-C(58)  1.392(4) 
C(57)-H(57)  0.9500 
C(58)-C(60)  1.526(4) 
C(59)-H(59A)  0.9800 
C(59)-H(59B)  0.9800 
C(59)-H(59C)  0.9800 
C(60)-C(62)  1.530(4) 
C(60)-C(61)  1.536(4) 
C(60)-H(60)  1.0000 
C(61)-H(61A)  0.9800 
C(61)-H(61B)  0.9800 
C(61)-H(61C)  0.9800 
C(62)-C(67)  1.406(4) 
C(62)-C(63)  1.414(4) 
C(63)-C(64)  1.398(4) 
C(63)-C(68)  1.508(4) 
C(64)-C(65)  1.384(4) 
C(64)-H(64)  0.9500 
C(65)-C(66)  1.383(4) 
C(65)-C(69)  1.516(4) 
C(66)-C(67)  1.392(4) 
C(66)-H(66)  0.9500 
C(68)-H(68A)  0.9800 
C(68)-H(68B)  0.9800 
C(68)-H(68C)  0.9800 




C(69)-H(69B)  0.9800 
C(69)-H(69C)  0.9800 
C(71)-C(72)  1.502(4) 
C(72)-H(72A)  0.9800 
C(72)-H(72B)  0.9800 
C(72)-H(72C)  0.9800 
C(73)-C(74)  1.390(4) 
C(73)-C(78)  1.407(4) 
C(74)-C(75)  1.387(4) 
C(74)-H(74)  0.9500 
C(75)-C(76)  1.392(4) 
C(75)-H(75)  0.9500 
C(76)-C(77)  1.382(4) 
C(76)-C(79)  1.513(4) 
C(77)-C(78)  1.396(4) 
C(77)-H(77)  0.9500 
C(78)-C(80)  1.522(4) 
C(79)-H(79A)  0.9800 
C(79)-H(79B)  0.9800 
C(79)-H(79C)  0.9800 
C(80)-C(82)  1.531(4) 
C(80)-C(81)  1.532(4) 
C(80)-H(80)  1.0000 
C(81)-H(81A)  0.9800 
C(81)-H(81B)  0.9800 
C(81)-H(81C)  0.9800 
C(82)-C(87)  1.401(4) 
C(82)-C(83)  1.412(4) 
C(83)-C(84)  1.391(4) 
C(83)-C(88)  1.516(4) 
C(84)-C(85)  1.388(4) 
C(84)-H(84)  0.9500 
C(85)-C(86)  1.378(4) 
C(85)-C(89)  1.515(4) 




C(86)-H(86)  0.9500 
C(87)-C(90)  1.517(4) 
C(88)-H(88A)  0.9800 
C(88)-H(88B)  0.9800 
C(88)-H(88C)  0.9800 
C(89)-H(89A)  0.9800 
C(89)-H(89B)  0.9800 
C(89)-H(89C)  0.9800 
C(90)-H(90A)  0.9800 
C(90)-H(90B)  0.9800 









































































































































































































































































































































































































Symmetry transformations used to generate equivalent atoms:  
 
E.2 Chapter 5 
Table E.3. Crystal data and structure refinement for 5.3 
Identification code  C25H27Cl2FeN3(C6H6) 
Empirical formula  C31 H33 Cl2 Fe N3 
Formula weight  574.35 
Temperature  100(2) K 




Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 11.6209(3) Å a= 90°. 
 b = 15.5491(3) Å b= 99.4600(10)°. 
 c = 16.1419(4) Å g = 90°. 
Volume 2877.09(12) Å3 
Z 4 
Density (calculated) 1.326 Mg/m3 
Absorption coefficient 6.091 mm-1 
F(000) 1200 
Crystal size 0.450 x 0.220 x 0.160 mm3 
Theta range for data collection 3.856 to 66.633°. 
Index ranges -13<=h<=13, -18<=k<=17, -19<=l<=19 
Reflections collected 25083 
Independent reflections 5089 [R(int) = 0.0365] 
Completeness to theta = 66.633° 99.9 %  
 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7528 and 0.4917 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5089 / 0 / 340 
Goodness-of-fit on F2 1.034 
Final R indices [I>2sigma(I)] R1 = 0.0456, wR2 = 0.1196 
R indices (all data) R1 = 0.0535, wR2 = 0.1252 
Extinction coefficient n/a 




Table E.4. Bond lengths [Å] and angles [°] for 5.3 
_____________________________________________________  
Fe(1)-N(2)  2.104(2) 
Fe(1)-N(3)  2.245(2) 
Fe(1)-N(1)  2.267(2) 
Fe(1)-Cl(1)  2.2857(9) 
Fe(1)-Cl(2)  2.2881(8) 
N(1)-C(2)  1.286(4) 
N(1)-C(10)  1.440(4) 
N(2)-C(7)  1.337(4) 
N(2)-C(3)  1.345(3) 
N(3)-C(8)  1.278(4) 
N(3)-C(18)  1.448(3) 
C(1)-C(2)  1.495(4) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-C(3)  1.491(4) 
C(3)-C(4)  1.388(4) 
C(4)-C(5)  1.386(5) 
C(4)-H(4A)  0.9500 
C(5)-C(6)  1.386(4) 




C(6)-C(7)  1.389(4) 
C(6)-H(6A)  0.9500 
C(7)-C(8)  1.498(4) 
C(8)-C(9)  1.492(4) 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-C(11)  1.395(5) 
C(10)-C(15)  1.397(5) 
C(11)-C(12)  1.400(5) 
C(11)-C(16)  1.498(6) 
C(12)-C(13)  1.368(6) 
C(12)-H(12A)  0.9500 
C(13)-C(14)  1.370(6) 
C(13)-H(13A)  0.9500 
C(14)-C(15)  1.401(5) 
C(14)-H(14A)  0.9500 
C(15)-C(17)  1.508(5) 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-C(23)  1.394(4) 
C(18)-C(19)  1.398(4) 
C(19)-C(20)  1.396(4) 
C(19)-C(24)  1.503(4) 
C(20)-C(21)  1.387(4) 
C(20)-H(20A)  0.9500 
C(21)-C(22)  1.374(5) 
C(21)-H(21A)  0.9500 
C(22)-C(23)  1.395(4) 
C(22)-H(22A)  0.9500 




C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(26)-C(31)  1.371(5) 
C(26)-C(27)  1.377(5) 
C(26)-H(26A)  0.9500 
C(27)-C(28)  1.387(5) 
C(27)-H(27A)  0.9500 
C(28)-C(29)  1.400(6) 
C(28)-H(28A)  0.9500 
C(29)-C(30)  1.381(6) 
C(29)-H(29A)  0.9500 
C(30)-C(31)  1.365(5) 
C(30)-H(30A)  0.9500 

















































































































































Symmetry transformations used to generate equivalent atoms:  
 
 
